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The effect of annealing cycle on the mechanical properties 
and formabiiity (average strain ratio, r-value, and strain hard­
ening exponent, n-value) of low carbon aluminium-killed steel 
sheet has been investigated.
This investigation was divided into two stages. The first 
stage was mass production scale processing of steel sheet, in­
cluding various levels of reduction in the Tandem Cold Mill 
(TCM), and various annealing temperatures and holding times for 
batch annealing. The second stage consisted of a laboratory scale 
investigation of the effect of heating rate and holding time 
during simulated batch annealing.
The mass production scale investigation showed that within 
the narrow range of cold reduction studied (65.7 - 68.8%) % the 
effect on recrystaiiization behaviour was not significant. 
However, increased holding time at 680°C during batch annealing 
decreased the hardness, the yield and tensile strength and in­
creased the grain size and elongation, without any significant 
change in n-value and with a slight decrease in r-value.
The mechanical properties associated with recrystaiiization, 
particularly the formabiiity characteristics of Ai-kiiied steel 
sheet, were compared under laboratory continuous annealing condi­
tions over the temperature range of 400°C to 680°C for various 
heating rates (l2°C/hr? 24°C/hr and 36°C/hr) and various holding
times at 680°C (0 to 16 flours).
Results from tnis investigation indicate that the mechanical 
properties and grain size of recrystailized material are rela­
tively independent of holding time after the completion of re­
crystallization but depend on the heating rate to the holding 
temperature.
in contast, the r-value reached a peak value after holding 
for a time at 680°C which decreased with increasing heating rate. 
A possible explanation is that whilest AIN is still in solution 
or present as clusters, selective growth of favourable (111) 
grain continues (texture sharping), whereas following complete 
precipitation and coarsening of AIN, growth selectivity shifts 
back in form of grain of minor texture components, resulting in a 
slight fall in r-value.
The highest heating rate (36°C/hr) resulted in the highest 
start temperature for recrystallization because this process is 
thermally activated, requiring both time and temperature to 
initiate the nucleation of recrystailized grains. This factor 
affected the resulting mechanical properties and microstructure; 
and the formability indices, r-value and n-value, showed lower 
values then for the two slower rates of 12 and 24°C/hr.
The highest heating rate resulted in a larger recrystailized 
grain size and a lower r-value, because the AIN was less effec­
tive in limiting grain growth and in promoting a strong (ill)
texture.
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CHAPTER 1. INTRODUCTION
PT. Krakatau Steel has produced cold roiled carbon steel 
sheet commercially since 1987. Most of the product is supplied to 
the domestic market but some is also exported. To fulfil customer 
demand in relation to quality, investigations are useful to 
determine the effect of cold rolling and batch annealing parame­
ters (such as % reduction, heating rate, holding time) on the 
drawabiiity of cold roiled steel sheet. There are five major 
steps in the manufacturing of cold roiled and annealed sheet 
steels for extra deep drawing, as measured by the normal aniso­
tropy, r-value, and strain hardening exponent, n-value.
The r and n-vaiues, determine the ability of a material to 
be deep-drawn and stretched into a fiat-bottomed cup.
The five steps in the process at PT. Krakatau Steel are as 
follows :
1). The first step is steel melting and casting, which includes 
control of elements in charging, such as copper, chromium, 
nickel, tungsten, etc. and reducing the sulphur level. An 
increase in carbon content will decrease the r-vaiue; and 
excessive levels of impurities such as N2, 02, and
inclusions, including Ai203 and Si02  ̂ will also decrease the 
r-value. Therefore, close composition control is required 
[ 1 , 2 , 3 , 4 ] .
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2) . The second step is hot roiling practice control. A high
finishing temperature will increase the r-vaiue for Ai-kiiied 
steel as a high finishing temperature produces a more favor­
able annealed texture of cube-on-corner rather than cube-on- 
face. The most important step is the coiling practice for Ai- 
kiiied steel, a lower coiling temperature, leads to a fine 
ferrite and after annealing, an increase in (111) grain 
texture at the expense of (100) because of AIN precipitation 
during annealing. The r-vaiue therefore becomes higher if 
the coiling temperature is low (<600°C) [5].
3) . For the third step of cold roiling, the major variable is the
reduction ratio, with the optimum r-vaiue being obtained on 
annealing following a reduction ratio of 60% - 70% [6].
4) . The fourth step of batch annealing includes the rate of
heating to the annealing temperature and the temperature and 
time of the hold. In Ai-kiiied steels the response to
annealing varies with the Ai content. The r-vaiue decreases 
monotonicaiiy with heating rate in the case of low carbon 
rimmed steel, but as the Ai content becomes higher, a peak 
r-vaiue appears [6,7].
5) . The fifth step is extension in the skin pass mill, with
increased extension decreasing the strain hardening exponent, 
which is important for stretching in the forming of cold
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roiled steel [8,9].
To obtain more detailed information about the mechanism of 
increase in the r and n-vaiues, a laboratory scale tube furnace 
was used to simulate batch annealing under mass production condi­
tions .
For laboratory scale testing, the size of the samples 
investigated was in accordance with the ASTM standard. The sam­
ples were heated with different heating times and at different 
heating rates and holding times. After heat treatment, mechanical 
and microstructural properties of the samples were examined. 
The mechanical properties were investigated by tensile testing, 
hardness testing, r and n-vaiue determinations by tensile test­
ing. The microstuctures were investigated by the light optical 
microscopy and pre-recrytaiiization and recrystaiiized structure 
were examined and grain size was measured.
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CHAPTER 2. PROCESSING OF STEEL SHEET PRODUCT 
AT PT. KRAKATAU STEEL
Steel sheets are usually produced as one of three product 
types; hot rolled, cold rolled or coated (galvanized, aluminized, 
or prepainted).
2.1. TYPE OF STEEL APPLIED AND PREPARATION OF HOT ROLLED SHEET
STEEL
The steels used for sheet product are made by the Electric 
Arc Furnace, (EAF), by feeding sponge iron and selected scrap, 
and then proceeding with continuous casting of slab.
A typical Ai-kiiied steel ladle analysis is 0.10% maximum 
carbon; 0.25 - 0.35 % maximum manganese; 0.015 % maximum phospho­
rus; 0.02 % maximum sulfur; 0.025 % maximum silicon; 0.25 % 
total residual; 0.03 - 0.07 % total aluminium and 0.006 % maximum 
nitrogen content. Experience to date has shown that though the 
above analysis reflects a narrow range for carbon, manganese and 
total aluminium, the restrictions are necessary for steels re­
quired for deep drawing applications.
Ai-Kiiied steels are very uniform in the distribution of 
elements and uniform mechanical properties and grain size can be 
obtained with appropriate processing.
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The slab casting and surface conditions are important in 
producing steel for a specific requirement and it is therefore 
necessary to identify the slab. Identification is handled in the 
following manner.
The slab end is marked with a heat number, grade, and the 
top-most part of the slab marked in respect to its position in 
the casting.
Preparation of the slab surface for rolling is accomplished 
by scarfing, to eliminate or reduce, scabs, slab cracks and seams 
which are the most common defects that may be roiled in or 
carried over to finished sheet and must be removed with the scale 
at the hot mill descaier to prevent a surface defect which can be 
very extensive in the finished product.
After the slab has been prepared for processing, it is 
heated to the proper rolling temperature in a slab reheating 
furnace. The slab is discharged from the furnace at approximate­
ly 1150 to 1280°C and is processed through the hot strip mill.
By controlling the heating time and roiling temperature of 
slab of known chemical composition, it is possible to obtain out 
of specification hot roiled coil which can be diverted to product 
type.
By proper control of the temperature of an Ai-kiiied steel, 
it is possible to consistently produce an elongated ferrite grain
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structure in the finished, cold reduced and annealed product.
Drawing quality hot roiled product may be produced by 
finishing above the upper critical temperature and coiling as hot 
as possible.
2.2. CONTINUOUS PICKLING LINE
Coiled product from the hot strip mill may or may not re­
quire scale or oxide removal by pickling. As "hot rolled" product 
is pickled when customer requirements indicate that the surface 
should be clean and smooth as an aid to painting or drawing and 
is ordered as hot roiled pickled grade.
Product to be cold reduced must be pickled to insure a 
uniformly smooth, dense, and clean surface which is characteris­
tic of cold reduced sheets.
Coil for pickling must be allowed to cool from the coiling 
temperature 540-600°C to a pickling temperature of approximately 
75°C. This usually necessiatates a rather large coil storage 
yard. If the coils are not permitted to cool sufficiently, they 
will raise the temperature of the pickling bath and result in 
over-pickling which is manifested by a definite loss in thickness 
of the strip in localized areas.
Hot coil also tends to incur heavy coil breaks, (manifesta­
tion of a permanent "set" caused by bending the strip over a
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critical radius) which presents an objectionable appearance in 
the finished sheet.
Side trimming of the strip is done in the pickle line if a 
cut edge is reguired and the succeeding treatments are such that 
they will not damage the cut edge. The trimming knives must be 
kept in good condition and in perfect adjusment. Knives which 
produce a burred or whiskered edge may damage the strip in a 
number of ways. The whiskers produced may stick in hold down 
boards at the cold reduction mill and cause a scratch;they may 
fall off between the rolls and cause roll marks on the rolls and 
the strip. The yield loss from the pickle line runs at approxi­
mately 3.0 %.
Included in the final operation of the pickling line is an 
oiling operation which prepares the coil for delivery to the cold 
reduction mill.
2.3. COLD REDUCTION IN THE FIVE STAND FOUR HIGH TANDEM COLD MILL
2.3.1 Purpose, Method and Size Limitation
There are three basic reasons for producing sheets by the 
cold reduction process :
(1). To obtain a product of more uniform mechanical properties 
and greater ductility than is possible with hot rolled 
material;
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(2) . To obtain the dense, uniform surface required for usual
application cold reduced sheets;
(3) . To obtain a lighter gauge sheet than is praticai from a
continuous wide hot strip mill. Sheet lighter in gauge than
1.2 mm is most economically produced by the cold reduction
method.
The PT. Krakatau Steel five stand mill delivers cold roiled 
sheets from 0.18 to 3.0 mm inclusive, using reductions of 40 
to 93 %. The percent reduction and type for a specific applica­
tion will depend on the end use of the product and the type of 
steel being used. The most desirable percentages of reduction for 
uniformity of gauge and maximum flatness range between 55 and 70 
% [6 ].
2.3.2 Processing Practice
Protective oil is applied to the hot roiled pickled coil at 
the exit end of the continuous pickle line. It serves as the 
lubricant for the strip in the first stand of the cold reduction 
mill and assists in minimizing scratches caused by the strip 
feeding into the mill. At this stage in the processing, extreme 
caution is necessary to obtain a good surface on the finished 
product. Scratches incurred before or during cold reduction may 
not be visible in the finished sheet due to the "healing1 effect
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of subsequent operation; however, these healed scratches 
may open when the sheet is formed by the customer.
Special rolling solution is poured to the strip in large 
quantities during cold reduction in order to maintain the neces­
sary cleanliness of the mill and the strip and to provide a 
coolant to dissipate the heat generated in the rolling. To keep 
the roiling solution clean many mills use mechanical filters in 
the recirculation and direct application system to prevent a 
detrimental build up of iron particles in the solution.
The work roils on the last stand are shot blasted with 
fine meshed steel shot for heavy cycle rolling. This roughness or 
blast is imparted to the strip and minimizes the tendency for 
adjacent wraps of a cold roiled coil to weld (stickers) during 
annealing. Excessive roughness or uneven application of the shot 
blasted pattern, or mixed size of the shot will be observed as 
an unsatisfactory pattern or roughness on the sheet. An improper 
blast may be obscured by subsequent operations and may not be 
evident until the customer forms the material.
The finished thickness of the strip is measured at the exit 
of the mill by a gamma-ray gauge which serves as a control for 
the operation in obtaining a minimum variation throughout the 
length of the coil. A normal variation of 0.05 mm from the speci­
fied gauge may be expected on a large percentage of the coil.
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Variation in thickness across the width of the strip is extremely 
small.
2.3.3 Effect of Reduction on Mechanical Properties and Micro­
structure
The percent reduction on each stand varies according to the 
type of steel and the entry gauge (band gauge) being roiled. The 
usual practice is to reduce the strip 20% in the first stand, 25% 
in the second stand, 20% in the third and fourth stands, and 2% 
in the final stand. The greatest increase in hardness of the 
strip will occur at the first stand. There will be some addition­
al increase in hardness at the second and third stands but very 
little if any in the final stands.
The reduction on the final stand is held to minimum to give 
the strip the desired shape and surface. The influence of various 
percentages of reduction on metallurgical properties of the strip 
may be described briefly as follows [6] :
* 10 % reduction imparts a strain throughout the thickness of the 
strip with no visible distortion of the grains;
* From 10 % - 20 % reduction distortion of the grains begin?
* Increasing percent reduction over 20 % results in distortion of 
ail grains followed by fracture of the grains. To observe a 
uniform annealing response, it is necessary to cold reduce 
the strip at least 20 %.
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Reductions ranging from 25-50 % alter the annealing response 
very little; however, reductions over 50 % affect the annealing 
response markedly and adjusments in the hot rolling, cold roiling 
and annealing practices are necessary of produce a competitive 
product [6,9,39].
2.4. BATCH ANNEALING BELL TYPE FURNACE
Coils which have been cold reduced must be heat treated in 
order that it withstand the stress of forming and drawing opera­
tions without fracture. This is accomplished by annealing. Tem­
peratures used to anneal cold reduced low carbon steel range from 
650 to 700 ° C • The use of these comparatively low temperatures is 
possible because of the great amount of deformation or over 
strain which the grains have been subjected to during cold 
reduction.
Annealing permits recrystallization of the grains, nominal 
control of grain size of the steel and the attendant increase in 
ductility.
2.4.1 Packing Coils for Annealing
In packing coils for annealing, the weight of the charge 
should be distributed evenly through the base to obtain maximum 
uniformity of product. Each stool of coiled steel should carry as 
close to the same weight as the other three stools in the base.
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The number of coils in any one stack on a stool will be dependent 
on the width of the product. To insure maximum circulation of 
gases and thereby realize the greatest uniformity throughout the 
charge, convector plates are placed between each coil in the 
stack and a top plate with a hole in the center is placed at the 
top of each stack.
2.4.2 The Annealing Cycle
When the deoxidizing gas has purged the air from inner 
covers, the annealing furnace is placed on the base and annealing 
begins. Time and temperature control are the most important 
factors in good annealing operations. The proper combination of 
these factors is necessary to obtain the maximum benefit from the 
operation. The annealing cycle is the term applied to a set of 
directions for annealing a particular product. These directions 
normally include the minimum base thermocouple temperature and 
the soaking period, but may also include maximum tube temperature 
or other special instructions necessary to obtain certain mechan­
ical characteristics or metallurgical properties in the finished 
product. The annealing cycle includes the firing period and the 
soaking period.
The firing period or firing time is the time interval from 
the lighting of the furnace until the minimum temperature
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specified in the annealing requirements has teen attained by the 
coldest base couple. The rate and time of firing varies with the 
type and bulk of the charge. Usually, the optimum heating capaci­
ty of the furnace determines the rate.
As firing progresses, certain stacks in the charge may 
attain temperature more rapidly than others. However, when the 
coldest base couple has attained the specified annealing tempera­
ture, the steel is held at this temperature for the predetermined 
time interval necessary to allow all portions of the charge to 
attain this temperature. This interval is normally termed the 
"soak11 which may be further defined as a specified time interval 
at the minimum annealing temperature. The soak starts at the end 
of the firing period and is completed when the furnace is re­
moved. Upon removal of the furnace, the charge is allowed to cool 
in the deoxidizing atmosphere under the inner covers, until a 
temperature of 120°C is reached.
The cooling and firing times are shortened considerably by 
proper use of recirculating fans located in the center of each 
base plate and the spacer plates between each coil on the stack.
The annealing temperature and soaking specifications in­
crease with the severity of the drawing application of the pro­
ducts. This is a necessary measure to insure that all of the 
product in the charge reaches the specified minimum temperature.
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2.5. TEMPER PASS MILL
Temper rolling is normally required to affect or alter one 
or more of the following properties of the product. They are :
2.5.1 Surface finish
The surface finish required on sheet product may be rough 
or smooth. A rougher finish will be necessary when the 
product is to be enamelled as this type of finish will 
hold the enamel more unifomly. A smooth finish is used for 
deep drawing and painted parts and must be of the proper 
texture to prevent objectionable roughness after painting 
and must be rough enough to hold die lubricants during 
fabrication.
2.5.2 Flatness
Flatness may be improved by temper rolling providing the 
strip shape is fairly good coming into the mill, and proper 
handling is accorded the product during this operation. One 
of the most common errors in temper rolling is to attempt 
to impart flatness to coils with poor shape by applying 
high extensions to the strip. Another is to use rolls with 
the wrong contour.
2.5.3 Freedom from stretcher strains
This is of utmost importance in sheets intended for
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application as exposed parts. This condition may be pre­
vented through temper roiling; by cold working the sheet to 
the point where it will exhibit a minimum amount of yield 
point elongation upon testing. Extensions of 0.75 - 1.2 % 
normally eliminate the yield point elongation. Any further 
increase in extension increases the hardness and yield 
point and decreases the drawabiiity.
2.5.4 Stiffness
Variation in extension during roiling may mean success or 
failure in the performance of the sheet in the customer's 
plant. A sheet for deep drawing purposes should receive 
only enough extension to reduce the yield point elonga­
tion sufficiently to enhance the plastic flow of the 
metal. Sheets for shallow drawn exposed parts 
require sufficient extension to minimize or obscure the 
yield point elongation for varying periods of time as 
governed by stocking practices. The amount of extension 
necessary to impart the desired characteristics to the 
sheets will depend on the previous treatment, grain 




Due to variations in each customer/s handling equipment, 
practices, and experiments, many orders will require certain 
alterations in the physical characteristics of the coil product.
A Roller Leveller is used to improve flatness of sheet 
product. It consists of sections of short, small diameter, 
staggered roils designed so that pressure may be applied and 
varied on any section, thus making it possible to perform work on 
only those areas necessary to correct shape.
The use of the Strecher-Leveller for flattening sheets is 
restricted to those orders specifying a strecher level standard 
of flatness which cannot be obtained on any of the aforementioned 
flattening units. The Strectcher Leveller is a tension device on 
which opposite ends of sheets are held securely in grips and 
pulled until the elastic limit of the sheets has been exceeded.
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CHAPTER 3. METALLURGICAL TESTING
Metallurgical testing has two main parts : mechanical test­
ing and metallographic testing. For steel sheet the former is 
used to measure the various mechanical properties of the metal. 
Metallography is the study of the microstructure by the aid of 
microscopy and it is a valuable tool of quality control in 
material processing and can determine reasons for failure in 
particular cases.
3.1. MECHANICAL TESTING
Over the years, a number of tests have been used for the 
measurement of the Hformability'1 of a sheet metal.
Sheet metal is formed into a wide variety of shapes using a 
wide variety of forming techniques. These often require differ­
ent properties of the metal for optimum formability. Consequent­
ly it has been impossible for a single test to measure 1 f amiabil­
ity" for all applications [3, 5, 6].
The tests which have been proposed fail into two categories: 
those which measure some mechanical property of the metal such as 
yield stress, ductility or work hardening rate, and those which 
attempt to simulate the actual press forming process.
In this section these tests and the parameters which are 
derived from them to estimate sheet metal formability are
Page : 17
described. Then the main types of shells formed in practice are 
listed and the most appropriate tests and mechanical properties 
for each type of shell are given. These are summarized in Table
3 .1 .
Table 3.1. Summary of the effect of material properties 
and press forming parameters in forming by deep 
drawing, by stretching and combined drawing­
stretching [12].
P r o p e r t y D e e p  D r a w in g S t r e t c h i n g  ' • C o m b in e d  D e f o r m a t i o n
. \
E x c e l le n t  c o r r e l a t i o n  w i t h  ’ 
p e r f o r m a n c e  in  c a r b o n  s te e ls .  
C o r r e l a t i o n  w e a le r  in  n o n  
f e r r o u s  m a t e r i a l .
H ig h  v a lu e  a s s o c ia te d  w i t h  
s o m e  d e c r e a s e  in  f o r m in g  
h e i g h t .  .
H ig h  v a lu e  in c r e a s e s  in  t h e  
r e s is ta n c e  t o  w r in k l in g .
( r Q, r 4 S , 
r 9 0  e t c . )
H ig h  Ar — in c r e a s e d  e a r in g . 
P la c in g  h ig h  r v a lu e  w h e r e  
g r e a t e s t  r a d ia l  d r a w in g  
d e f o r m a t i o n  o c c u r s  im p r o v e s  
p e r f o r m a n c e .
N o  e f f e c t  h a s  b e e n  s h o w n . F i r s t  w r in k le s  in  lo w e s t  r 
v a lu e  d i r e c t i o n .
n - v a lu e , u n i f o r m  
e l o n g a t i o n ,  
T S / Y S  r a t i o .
H ig h  v a lu e s  c o r r e l a t e  b e t t e r  
p e r f o r m a n c e  in  w o r k  
h a r d e n e d  n o n  f e r r o u s  a l lo y s . 
L i t t l e  e f f e c t  in  c a r b o n  s te e ls .
H ig h  v a lu e s  c o r r e l a t e  w i t h  
g o o d  f o r m a b i l i t y .
H ig h  v a lu e s  i n c r e a s e  f o r m in g  
l i m i t  d u e  t o  b e t t e r  s t r e t c h i n g ,  
b u t  w r in k l in g  m a y  o c c u r  
m o r e  e a s ily  d u e  t o  e x c e s s iv e  
m a t e r i a l  d r a w n  i n t o  t h e  d ie  
o r i f i c e .
Y ie ld  S t r e n g t h N o  d i r e c t  e f f e c t . L o w  y ie ld  s t r e n g t h  g iv e s  
lo w e r  s p r in g - b a c k  a n d  b e t t e r  
f ix in g  o f  s h a p e  in  l i g h t l y  
f o r m e d  p a r t s .
H ig h  y ie ld  s t r e n g t h  m a te r ia l  
r e q u ir e s  h ig h e r  b l a n k  h o l d e r  
lo a d s  t o  s u p p r e s s  w r in k l in g .
M -v a lu e H ig h  v a lu e s  im p r o v e  
f o r m a b i l i t y .
H ig h  v a lu e s  im p r o v e  
f o r m a b i l i t y .
H ig h  v a lu e s  im p r o v e  
f o r m a b i l i t y .
P la s t ic  h e c k l in g  
m o d u l u s
N o  e f f e c t . N o . e f f e c t . H ig h e r  m o d u l u s  ( s t i f f e r )  
m a t e r i a l  is m o r e  w r in k le  
r e s i s t a n t .
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3.1.1. The Tensile Test
The tensile test is currently the most widely used test for 
ranking the formabiiity of sheet metal in terms of parameters 
derived from a single test.
In the tensile test, a shaped sample of the sheet metal 
prepared to the ASTM E-517-74 standard (see Fig. 3.1) is subject 




2 inj ( 50-8 mm )
Fig. 3.1 Specimen tensile test with standard ASTM E-517-74.
The tensile load and the extension of the parallel section are 
measured simultaneously and from these a plot of the "enginering 
stress" versus "engineering strain" is made. Then the various 
parameters important for formabiiity can be obtained from this 
plot, as will be described in the next section.
The stress-strain curve will show three separate regions, as 
the strain is increased.
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(1) . At very low strains, the metal will behave elastically
and the stress will increase linearly with strain. The 
slope of this part of the curve is a measure of the elastic 
modulus, E . in steels the elastic modulus, E, is about 
200 x 103 MPa (30xl06 psi); while for aluminium alloys it 
is considerably lower is about 67 x 103 MPa (loxio6 psi).
(2) . In the second region, the metal will yield and begin to flow
plastically (i.e. when it is unloaded it will have a "perma­
nent set'*) . This region is seen on the stress-strain curve 
as a change to a lower slope. The stress will continue to 
rise with further strain in this region as the material 
work-hardens, until it reaches a maximum.
(3) . In the third region the test specimen will form "a neck** or
"waist** and the stress will decrease with further strain 
until the specimen finally fractures.
The shape of the stress-strain curve will have one of two 
different forms, as shown in Fig 3.2. The differences between 
the curves are due to the transition between elastic and 
plastic behaviour of the sheet metal. If the curve is rounded 
without showing a distinct "yield point" the metal has a "contin­
uous yielding" behaviour (typical of aluminium killed and temper 
rolled steels, austentic stainless steels, most brasses and lower 
strength aluminium alloys). If the curve shows a sharp
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transition between the elastic and plastic regions, the metal 
has a"discontinuous yielding" behaviour (typical of capped and 
rimmed, non-temper rolled steels, ferritic stainless steels, some 
high strength aluminium alloys and titanium alloys) [14].
The parameters which can be obtained from the tensile stess- 
strain curves, (see Fig.3.2) are as follows [9] :
Fig 3.2. Stress-strain curve for material with and 
without yield point elongation [9,13,21],
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(a) Upper Yield Strees (UYS)
This parameter refers to the stress which must be exceeded in 
order to permanently or plastically deform the metal. This 
value in itself is of little importance in predicting the 
formabiiity of sheet metals.
(b) Lower Yield Stress (LYS)
The lower yield stress (LYS) is commonly used to specify the 
strength of the metal. This parameter is sensitive to speed 
of deformation and as tensile testing is generally carried 
out at lower strain rates than those used in production 
stamping operations, the value of the measured yield stress 
will be lower than that encountered during stamping.
The LYS is of some importance in predicting press behaviour 
as wrinkling and buckling are reduced with a lower LYS. In 
addition the ease of obtaining accurate shape in a panel 
("shape fixability") is improved with a lower LYS. A high LYS 
is associated with high springback and is therefore signifi­
cant in press bending and roll forming operations.
There may be a minimum strength requirements for a part which 
may necessitate a minimum LYS specification for the metal.
In the case of metals which exhibit a continuous yielding 
behaviour (Fig.3.2, e.g. Ai-kiiied steels) it is common 
practice to quote the stress at 0.2 % strain and this is 
referred to as the proof stress.
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(c) Yield Point Elongation (YPE)
A yield point elongation is seen only in metals with a 
discontinuous yield behaviour and is the horizontal or 
"jerky11 part of the stress strain curve following the yield 
point. This parameter is a measure of the extent the material 
will show "stretcher strain markings" on press forming. 
Stretcher strain markings are caused by non-homogeneous 
plastic flow at low strains, and these markings are generally 
not acceptable on exposed car body and domestic appliance 
panels. They are a particular problem when forming capped or 
rimmed sheet steels.
(d) Tensile Strength (T.S.)
The tensile strength (sometimes known as the "ultimate 
tensile strength") is the maximum stress reached during the 
tensile test, and necking commences once this value is 
reached. In itself, tensile strength is not important in 
predicting formability, however the tensile/yield stress 
ratio is a good criterion for estimating work hardening 
behaviour. The higher the ratio, or the greater the differ­
ence between the yield stress and tensile stress the higher 
is the work hardening capacity and the better the stretch 
forming ability of the metal. This is a particularly useful 
parameter for estimating the formability of a material for
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automotive panels where the deformation is predominately 
stretch forming.
(e) Uniform Elongation (Eu)
Uniform elongation is measured from the onset of plastic 
deformation to the point at which necking of the test piece 
commences.
As will be discussed in section (h) the uniform elongation 
correlates closely with a measure of the work hardening 
behaviour, the parameter n, and is a good measure of the 
"stretchability" of the metal.
(f) Total Elongation (eT )
Total elongation is a measure of the amount of strain the 
material can withstand before fracture in the tensile test. 
It is generally determined by making "gauge marks" on the 
sample before testing, then reassembling the sample after 
fracturing, then measuring the increase in length between the 
gauge marks.
Unfortunately, this parameter is dependent upon a number of 
test variables including specimen dimensions (i.e.. thickness 
and width), gauge length, edge condition of the specimen and 
to a lesser extent strain rate.
The total elongation is a complex combination of the uniform 
elongation plus the elongation in the necked region to
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fracture under uniaxial tensile stress conditions. It is
therefore a difficult parameter to relate directly to one 
particular aspect of formability.
(g) Reduction of Area at Fracture (R of A)
Measurement of the width and thickness of the fracture 
surface in the tensile test can be used to calculate the true 
fracture stress and true fracture strain of the metal. This 
measurement is only reliable for thicker sheet metals (2mm 
and above) because of the difficulty in measuring thickness 
accurately and because fracture in thinner ductile metals is 
normally by extensive shear at 45° to the sheet surface [12].
(h) Work Hardening Behaviour ( da/de and n-value)
A high work hardening rate has long been recognized as 
beneficial to good press formability; the effect is seen in 
at least three different ways:
Firstly, at any strain level, a high work hardening rate 
produces a more uniform strain. Distribution throughout a 
press formed component. The local strain in an area of 
high stress, such as over a sharp punch profile radius is 
reduced and the strain is spread into surrounding areas. 
Secondly, there is evidence also that a high initial work 
hardening rate is beneficial in the forming of drawn compon­
ents with large flat or gently contoured base areas,
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such as bath tubs, household iron tops and some automobile 
panels [12]. A low stress in the fiat base areas compared 
with the side wail will encourage material to flow in the 
base (despite the friction between the punch face and base 
metal) in the early stages of the draw, thus reducing the 
strain in the side wall. This reduces premature failure in 
the side wall.
Thirdly, at high strain a high work hardening rate slows 
the process of necking. In the tensile test it can be shown 
that necking starts when the work hardening rate, which 
increases the load carrying capacity of the metal, is not 
sufficient to keep pace with the natural reduction in load 
carrying capacity due to the decrease in cross section area 
of the sample extends.
The work hardening behaviour of the metal is generally 
estimated from the tensile stress-strain data in the 
following manner :
(1) . The true stress - true strain curve must be determined 
from the engineering stress strain curve shown in 
Fig. 3.2. True stress, o is found from the load divided 
by the actual cross-section area, (note that the engi­
neering stress, cr, is the load divided by the cross­





True strain is found from the length change, as 
follows :
Truestrain '  ̂ ( i / lo ) • • • Eq (2)











then the two types of the stress and the strain are 
related by :
atrue (1 + e)cr ... Eq (5)
6true = in (1 + e) ... Eq (6)
(Note that the true stress-true strain behaviour can 
only be determined up to the uniform elongation, because 
after this point necking occurs and the cross sectional 
area is no longer directly related to the length exten­
sion) [9,21].
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Having obtained the true stress-true strain curve, 
which will appear as in Fig. 3.3, it has been found that 
for many metals this curve can be fitted reasonably 
accurately to an equation of the form (called the 
Ludwig equation) [9, 17, 21] :
a = K en ... Eq (7)
Taking logarithms :
log o = log K + n log e ... Eq (8)
Hence the n-value can be determined from the slope of a 
plot of log o versus log e.
The n-value is often loosely considered to be a measure 
of the work hardening rate i.e., the slope of the true 
stress versus true strain curve, but this varies 
throughout the strain range. It gradually decreases as 
the strain is increased. The n-value describes the shape 
of the whole stress-strain curve and is related to the 
work-hardening rate by :
n = (e/o).(da/de) ... Eq. (9)
Eq. (9) can be obtained by differentiating the Ludwig 
equation.
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Fig. 3.3. The Relationship between the Engineering 
Stress-Engineering Strain and True Stress- 
True Strain Curves [9, 21j.
The reason why the n-value is so widely used as a meas­
ure of the work hardening behaviour is that many metals 
fit the Ludwig eguation well and so a single value of n 
can describe the shape of the stress-strain curve and 
therefore the variation of work hardening rate over the
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entire range of strain. A further advantage of the n- 
vaiue is that it is numerically equal to the uniform 
elongation for metals whose stress-strain behaviour fits 
the Ludwig equation [9,21].
(i) Normal Anisotropy (r-vaiue):
Many sheet metals are not isotropic. That is, their proper­
ties, such as flow stress, are not the same when measured in 
all directions in the sheet. Anisotropy is caused by prefer­
ential orientation of the grains in the sheet metal which 
ensures that the sheet will flow more readily in one direc­
tion than another.
Some metals deform more easily in the plane of the sheet 
rather than through the thickness of the sheet. In other 
words, when streched, they will resist thinning and instead 
deform in the plane of the sheet. These materials are said to 
show a high "normal plastic anistropy" or a high r-value.
The r-value is generally accepted to be the most significant 
parameter for predicting the deep drawabiiity of a metal. In 
deep drawing the metal over the punch nose must be 
sufficiently strong to pull the metal in the outer part of 
the blank under the biankholder inwards and over the die 
profile radius, if the metal over the punch nose thins readly 
under tension then it will fail prematurely before the outer
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blank is drawn in. A metal which has a high r-value and re­
sists thinning will not fail prematurely over the punch 
nose and will be able to draw in the outer part of the blank 
(see Fig. 3.4).
Fig. 3.4 Segment of a cup during drawing.
The metal over the punch nose 
(under tension) must resist thinning 
for good drawabiiity [5, 46],
The r-vaiue can be determined from a tensile test, since a 
material which prefers to deform in the plane of the sheet 
rather than through the thickness should show a greater width 
strain to thickness strain. The ratio of these true strains 
gives the r-vaiue :
ewr --------- . . . Eq. (10)
et
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In practice, it is difficult to measure the thickness 
strain in thin sheet metals, so the usual practice is to 
measure both the longitudinal and width strains, and from 
these infer the thickness strain (assuming the volume of 
metal remains constant). For comparison purposes the r-value 
is usually determined over a given strain range, say from 10% 
to 20%. Thus :
In (Wo/Wf) In (Wo/Wf)
r -------------- = -----------------  ... Eq (11)
In (to/tf) In (Wfif/Wolo)
where : Wo = starting width?
Wf = final width? 
to = starting thickness? 
tf = final length? 
lo = starting length? 
if = final length.
(j) Planar Anisotropy (¿r-value):
Many sheet metals show a variation in r-value in the plane of 
the sheet. For example, in a cold rolled and annealed low 
carbon sheet steel it is typical for the r-vaiue to be 
considerably higher in the direction at 90° to the rolling 
direction (the "transverse1 direction). This variation in r- 
vaiue is termed planar anisotropy (^r-vaiue) and it is
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generally undesirable in axisymmetricai pressings (e.g. 
a circular cup) because it gives rise to "earing" of the 
outer edge of the blank after pressing and variation 
in the thickness of the wall (see Fig. 3.5).
Earing in a circular cup causes metal wastage because the cup 
must be trimmed after drawing to remove the ears and obtain 
an even height.
In the forming of non-symmetricai pressings such as a rec­
tangular deep drawn shell variation in r-vaiue can be used to 
improve drawabiiity, providing the direction with high r­






ANCLE BETWEEN TEST OIRECTION ANO ROLLING OIRECTION
GOOD 0RAWA8ILITY FAIR 0RAWA8IIITY POOR DRAWABIIITY
Fig 3.5 Showing the earing in a cup and 
non-uniform wail thickness due to 
plannar anisotropy in the metal [6,19]*
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The planar anisotropy (a t) is measured by :
Ar = 1/2 ( rQ - 2 r45 + r90) ... Eq (12)
When there is a high Ar-vaiue it is usual to quote a mean 
r-value as follows :
rm = 1/4 (r0 + 2r45 + rgo) ... Eq (13)
To measure the Ar-value it is necessary to make three ten­
sile samples, oriented at 0°, 45° and 90° to the rolling
direction, and measure the r-vaiues separately on each 
sample.
(k). Strain Rate Sensitivity (m-value).
Some metals, especially steels, but not aluminium alloys, 
show an increase in the flow stress as the rate of strain­
ing is increased. This behaviour can have an important 
influence on the formation of a neck. As mentioned before, 
necking occurs when strain hardening becomes low and the 
increase in flow stress due to strain hardening cannot keep 
pace with the increase in stress due to decrease in cross­
sectional area as the sample is strained.
As a neck begins to form the strain rate inside the neck 
must increase and if the flow stress increases with the 
increase in strain rate the propagation of the neck may be
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delayed. The strain rate sensitivity is usually expressed as 
the exponent m in the equation :
o = K . em ___Eq (14)
where : o = the flow stress;
e = the strain rate;
K = a constant.
To find m, take the loqarithm and rearrange.
m = log (a1/a2) / log (e1/e2) . . Eq (15)
The effect of strain rate on the flow stress can be measured 
from a. tensile test in which the cross head rate of the 
tensile machine is alternatively switched from low to high 
speed (usually the speeds vary by a factor of 10). The load­
extension trace produced by the tensile machine appears as 
shown in Fig. 3.6.
Although the strain rate sensitivity is not recognized as a 
parameter of major importance with regard to sheet metal 
fomability, it could contribute an additional 1 % strain to 
uniform elongation, and could be important in distributing 
strain over areas where strain is concentrated, especially 





Typical load-extension curve for a 
strain rate change tensile test [10,13].
The tensile test is a simple and fairly reproducible test 
which can measure a number of parameters important to press- 
formability. They are :
(a) The uniform elongation, Eu which is eguivaient to the n-vaiue 
when the metal obeys the Ludwig eguation o = K . en;
(b) The tensiie/yield stress ratio;
(c) The rm-vaiue or normal anisotropy;
(d) The Ar-vaiue or planar anisotropy;
(e) The m-vaiue or strain rate sensitivity.
In general, improved press performance is favoured by high 
uniform elongation, high tensiie/yield stress ratio, and high rm 
-values. The uniform elongation and tensiie/yield ratio are more
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important than the other factors in stretch forming operations, 
while the r-vaiues are of most importance for deep drawing. Low 
Ar-vaiues correlate with a low earing tendency but high ¿r- 
values may be helpful in assymmetricai pressings such as 
rectaguiar deep drawn pans. Table 3.1, presented earlier, also 
summarizes the importance of each parameter for drawing, stretch­
ing and draw-stretch operations.
3.1.2. The Hardness Test
Probably the most widely used parameter for ranking the 
formability of a metal in press shops is the hardness of the 
metal.
The hardness test is simple and rapid, and involves 
measuring the metal^s resistance to penetration by a small hard 
indenter.
A high hardness is usually associated with both high yield 
stress and tensile stress, and generally, though not necessarily, 
correlates with a low uniform elongation and ductility. In 
general, metals with a high hardness are more difficult to form 
though this is not always the case.
The hardness therefore is a crude parameter for assessing 
formability, but can be useful for a guick on-line screening test 
to detect substandard material.
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Despite its simplicity, the hardness test should be used with 
caution, as readings are very sensitive to surface condition, 
flatness and thickness of the steel. Different hardness scales 
are used, depending upon the hardness and thickness of the metal 
and a frequent error is to use the wrong scale. For most metals 
above 1.00 mm thick the Rockwell B scale is recommended, but for 
thin metal below 1.00 mm the Rockwell 30T test is preferred 
[9,21].
3.1.3. Tests Which Simulate Forming Operations
Most press-forming operations combine a mixture of "stretch­
ing" (biaxial stretching over the punch surface, plane strain 
stretching in the shell wall) and "drawing" (reduction in circum­
ference of the outer part of the blank as it is drawn in under 
the blank holder and over the die profile radius). The relative 
amount of stretch and draw can be estimated from the position of 
the die impact line as shown Fig. 3.7. The tests described in the 
following sections are designed to simulate these two features of 
the press forming operation.
3.1.3.1 The Hydraulic Bulge Test
Sheet metal is tested under uniaxial tension conditions in 
the tensile test and under local compression in the hardness 
test, but in a typical press-forming operation the metal is
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deformed under biaxial tension or biaxial tension-compression 
conditions.
Fig. 3.7 Estimation of % stretch and 
% draw from die impact line [45],
A test which can measure the properties of the sheet metal 
when strained under biaxial conditions is the hydraulic bulge.
In the bulge test a circular sheet is clamped at the edge 
and deformed by hydraulic pressure into a dome, as shown in Fig. 
3.8. For an isotropic sheet essentially uniform biaxial stress 
and strain exist over an appreciable region at the centre of the 
diaphragm. Failure eventually occurs in this central region.
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When the bulge test was first proposed, the bulge height at 
maximum pressure or rupture was used as a measure of formabiiity. 
However, subsequent work Lange [45] has shown that there is no 
simple relationship between the bulge height and formabiiity.
Fig. 3.8 The hydraulic bulge test [45]#
The bulge test has been used to obtain information on sheet 
stress-strain characteristics under biaxial tensile conditions 
and it has become clear that this is the most potentially useful 
application of the test, particularly since, in comparison to 
uniaxial tension, this deformation mode is closer to that occur­
ring in many forming operations [45].
At the pole of the dome in the bulge test the shape is 
approximately spheric and the membrane stresses are :
pR
ax = ay = ----  ----  Eq (16)
2t
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where : p = the hydraulic pressure?
R = the radius of curvature? 
t = the thickness of the sheet.
3.1.3.2. The Olsen Test
This test simulates the sheet metal performance under 
stretching condition. It is a simple test in which the test sheet 
is clamped rigidly in a blank holder, then stretched over a 
small hemispherical punch, 22.2 mm in diameter (see Fig. 3.9).
The "stretchability1 of the sheet is then assessed by 
measuring the height to which the sheet can be stretched before 
fracture occurs.
In a typical Olsen tester both the punch travel and punch 
load are recorded, and the fracture point established by noting 
the point at which the load suddenly decreases. Since the
punch surface and sheet metal surface are in contact during 
this test, the friction between the two surfaces will have a 
large effect on the test result. To maintain standard friction 
conditions from one test to the next, lubricant must be 
standardised and is usually a combination of polyethylene film 
plus oil. The polyethylene film provides a very low coefficient 
of friction and separates the punch and sheet metal surfaces, 
thus reducing a possible effect of surface roughness of the sheet
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metal on lubrication. Unfortunately, however, the lubrication 
effect of polyethylene film or oil varies from one batch to the 
next, and loading speeds and tool geometries can vary slightly.
A second effect is that the test result is influenced by 
thickness-space thicker sheet can be stretched to greater depths. 
Consequently, to compare test results requires the use of empiri­
cal correction for the thickness effect.
3.1.3.3. The Erichsen Cup Test
The test also simulates the sheet metal performance under 
stretching conditions. It is similar to the Olsen test in that 
the sheet is clamped rigidly in the biankholder. The difference 
is that the punch diameter is 20 mm.
Again, this test is highly dependent on the lubrication 
conditions and the thickness of the sheet metal.
Fig. 3.9. The Olsen Test [45].
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3.1.3.4. The Limiting Dome Height Test
In the Erichsen, Olsen and Bulge tests the fracture occurs 
at conditions which are close to equibiaxiai strain (ie., the 
strain is the same in two perpendicular directions). In the 
uniaxial tensile test the fracture occurs at a combination of 
tensile strain plus a small amount of contraction strain in the 
width direction. In practical press forming operations it has 
been observed that most fractures occur under close to plane 
strain conditions, i.e., a tensile strain in one direction with 
zero strain in the other directions, which is somewhere between 
the conditions seen in the Olsen, Erichsen and Bulge tests on one 
hand and the tensile test on the other hand.
The limiting dome height test has been developed to simulate 
more effectively the fracture conditions found in most pressings. 
In this test a large diameter (100 mm) hemispherical punch is 
used and strips of sheet steel of varying width are clamped 
rigidly in a biankholder then streched over the punch. The 
strip are marked with a grid of the small circles 2.5 mm in 
diameter and the width strain at fracture is measured from the 
circle closest to the fracture. The width strain will increase as 
the width of the sheet increases.
The results of these the tests are plotted as shown in 
Fig.3.11. The advantage of the Limiting Dome Height test is that 
it more closely simulates the fracture conditions in a practical
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press forming operation. However, it is a complex and time con­
suming test and the results are critically dependent on the 
lubrication conditions and the sheet thickness.
PUNCH TPAVEL
Fig.3.10 The result from a series of Limiting Dome 
Height Test on strips of varying width [45].
3.1.3.5. The Swift Cup Test
This test simulates the drawing operation and involves 
drawing a small fiat-space or hemispherical-bottomed parallel 
side cup. The sheet is held under a biankhoider but is well 
lubricated, again with poiethyiene and oil, to ensure that the 
blank can be drawn in under the blank holder.
The ''drawability11 of the metal is estimated by drawing a 
series of blanks of increasing diameter. The maximum blank size 
which can be drawn without fracture occurring over the punch nose
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The condition of the edge of each blank can have an 
important effect on the test result, so the blank edges are 
usually turned in a lathe to ensure strain free, burr free edges.
The results of this test correlate well with the performance 
of sheet metal in deep drawn components, however, again due to 
variation in lubrication conditions, and small deviations in tool 
geometry and alignment reproducibility between laboratories is 
not good. The main problem with this test, however, is that it is 
time consuming and a large number of blanks of varying size must 
be tested to obtain a reliable result.
Apart from measuring the drawabiiity, this test can also be 
used as a quality control check to measure the drawabiiity. 
This test can also be used as a quality control check to measure 
the tendency to earing of the sheet metal. In this case a blank 
of fixed diameter is drawn and the height between the peaks and 
troughs in the cup wall measured.
All the simulative tests, however, have a common fault. That 
is that the results generated are dependent on the test
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conditions, including lubrication, tool geometry, punch speed and 
surface condition. The standardization of this type of testing 
requires a precise control of the test procedure, and in practice 
reproducibility of results between testing laboratories is diffi­
cult to achieve.
The tensile test is the easiest to reproduce and it measures 
a wide range of mechanical properties which are important in 
formabiiity. The problems with the tensile test are that it is 
restricted in the range of strain which can be measured (due to 
the necking of the test piece) and it only measures the condition 
occurring when the sheet is loaded under uniaxial tension. In 
most press forming operations, the sheet is stressed under biax­
ial conditions and this can be reproduced more closely by the 
hydraulic bulge test.
3.2 METALLOGRAPHIC TESTING
Microscopic examination of a properly prepared representa­
tive sample provides vital information regarding the chemical 
composition, prior thermal treatment and prior mechanical treat­
ment of the steel sheet. This information is useful both as a 
quality control and for the investigation of product failure.




* Kind and size of inclusions;
* Frequency of inclusions;
* Size and shape of carbide;
* Segregation (phosphorus, sulfur, copper, etc);
* Cracks or discontinuities, porosity.
Grain size is related to the rolling; finishing and coiling 
temperatures; chemical composition; annealing temperature and 
time; and to a lesser extent cold reduction ratio.
Grain shape is related to chemical composition, finishing 
and coiling temperature and cold work.
Inclusions can be divided in two group. They are :
1. Endogeneous, meaning those originating as part of the steel 
making process, sulfur in the form of sulfides from fuels, 
oxides originating from the oxidations of addition of the 
steel such as silicon, manganese, aluminum, etc.
2. Exogeneous, meaning those originating from outside the steel 
making process such as furnace, ladle and tundish lining, 
gunning materials, contaminated scrap, etc.
In low carbon steels, given the usual heat treatment for 
sheets the precipitated carbon will be in the form of may be 
precipitated cementite particle. But in the higher carbon steels
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cementite may be precipitated in the form of pearlite. The shape 
and size of precipitated carbon-rich particles are determined by 
the finishing and coiling temperatures.
Segreration is a function of the condition under which the 
steel solidifies. The slower the rate of solidification the 
greater the opportunuity for segregation to occur, consequently 
continuos cast steel suffers less segregation than ingot cast 
steels.
Cracks or discontinuities are caused by improper movement 
during solidification, damage during processing or overstressing 
during fabrication or use.
Porosity is principally due to shrinkage cavities or gas 
evolution on solidification but it can also be caused by 
overheating (burning) in the rehating furnace.
For quality conrtol, chemical composition and a sequence of 
processing variables are established for each end use.
48
CHAPTER 4. PRESS FORMING PROCESSES
Low carbon steel is one of the most important products of 
the steel industry. This is mainly because no other commercial 
material can offer, at low cost, properties such as strength, the 
ability to be readily formed at high production rates into var­
ious shapes, attractive surface finish, and easy weldability. An 
important requirement for many applications involving sheet steel 
is, of course, good formabiiity and the most common sheet forming 
method is press forming. In general, two principal deformation 
modes are encountered in a practical press-forming operation, 
namely drawing and stretching.
4.1. DRAWING PROCESS
An idealized forming operation in which drawing is the only 
component is shown in Fig. 4.1. Here the clamping force of the 
hold down dies is just sufficient to permit the material to flow 
radially into the die cavity without wrinkling. Deformation of 
the sheet takes place in the flange and over the lip of the die, 
no deformation occurs over the nose of the punch.
This process may be seen by imaging a section of the 
partially drawn cup, shown at the left in Fig. 4.2, which is then 
flattened into the two dimensional piece shown at the right of 
Fig. 4.2. The flared end of this piece corresponds to the flange
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Fig. 4.1. An idealized drawing operation. The clamping force of the Cup [21].
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of the cup, the straight side portion corresponds to the side­
wall. It may be seen that the flange is being compressed circum­
ferentially and pulled radially in the plane of the sheet into 
the side-wall of the part. This is analogous to wire drawing in 
that a large cross section is being drawn into a smaller cross 
section of greater length. That is why this kind of forming 
process is called drawing to distinguish it from stretching. The 
capability of the material to withstand drawing centers on the 
following two factors, are :
(1) . The ability of the material in the flange region to flow
easily in the plane of sheet under a condition of pure 
shear. In other words, it is desirable to have low 
flow strength in all directions of the plane of the sheet.
(2) . The ability of the material in the side-wall to resist
deformation in the thickness direction. As shown in Fig.
4.3, the punch prevents the material in the side-wall from 
changing dimension in the circumferential direction, the 
only way it can flow is by elongating and becoming thinner. 
Thus, the ability of the material in the side-wall to 
withstand the load imposed by drawing down the flange is 
determined by its resistance to thinning. In other words, 
high flow strength in the thickness direction of the sheet 
is desirable.
If we take both factors into account, in drawing operations
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it is desirable to maximize the ability of the material to flow 
in the plane of the sheet and also maximize the resistance of the 
material to flow in a direction perpendicular to the sheet. Low 
flow strength in the plane of the sheet is of little help if the 
material also has low flow strength in the thickness direction.
Fig. 4.2. Section from cup partially formed by drawing [46].
Fig. 4.3 System of force in a cup being formed by drawing [46].
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It is difficult to measure the flow strength of sheet in the 
thickness direction. However, the ratio of strength in the plane 
and thickness direction can be obtained by determining the ratio 
of true strains in the width and thickness directions in a simple 
tension test as described in Section 3.1.
Experiments by Whiteiey [19] have clearly shown that r is 
directly related to the depth of draw and the higher the r- value 
the deeper the draw. This is illustrated in Fig. 4.4.
a n g l e  b e t w e e n  t e s t  d i r e c t i o n  a n d  r o l l i n g  d i r e c t i o n







Fig. 4.4 Upper curves shows the typical manner in 
which the strain ratio varies with test 
direction in low carbon steel [19].
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4.2. STRETCHING PROCESS
A simple stretch-forming operation is shown in the illustra­
tions at the right of Fig.4.5. Here a blank of sheet material is 
clamped firmly around the periphery or flange, to prevent the 
material in the flange from moving into the die cavity as the 
punch descends. In this case, ail the deformation is over the 
punch.
The stress system in this situàtion is biaxial, but for 
illustrative purposes the mode of deformation may be rationalized 
by a conventional uniaxial stress strain diagram. The sequence of 
illustrations at the left side of Fig. 4.5 shows that the sheet 
deforms by elongating and uniformly thinning as the punch 
descends. As in the case of tension testing,if the deformation is 
beyond the ability of the material to undergo uniform straining, 
it will be localized and fracture is imminent. As shown, in Fig. 
3.3., the extension beyond which deformation becomes localized is 
analogous to the elongation at maximum load in a tension test, a 
value called uniform elongation, Eu, (See 3.1.1).
A metal with a low value of n will undergo localized strain­
ing early in the stretching process and failure will occur before 
much uniform strain has occurred. On the other hand, a metal 
that has a high n will tend to strain uniformly even under non 
uniform stress conditions. Thus, for good stretchability
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a high strain-hardening exponent, n, is desirable.
The stress system in stretching is biaxial and not uniaxial 
as depicted in the foregoing simplified example.
Fig. 4.5. A Simple Stretch Forming Operation [19].
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Keeler and Backofen [20] have shown that under biaxial 
conditions plastic instability appears as diffuse necking 
rather than as localized necking. Thus, biaxial conditions in­
crease the over-all capability for non uniform straining. In 
spite of these greater complexities, Keeler and Backofen [20] 
confirm the conclusion drawn from the simple uniaxial tensile 
case, namely that a high strain-hardening exponent,n, acts to 
distribute plastic strain and thereby increase the total stretch- 
ability of the material.
Keeler and Backofen [20] also observed that the local strain 
at fracture is nearly a constant value irrespective of the mate­
rial. Their data are shown in Fig.4.6. Whiteiey [16,19] have used 
these observations to develop methods to locate the local regions 
in a complex stamping that are critical to forming the part 
without fracture.
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Fig. 4.6. Distribution of Radial [16,19]
Page : 56
4.3. FACTORS AFFECTING DRAWABILITY.
Regardless of the quality level, there are a variety of 
factors which influence the formabiiity of given type of steel. 
The common factors to be considered are :
1. Type of Steel;




The details of each of these variables are examined sepa­
rately and collectively in following sections.
4.3.1. EFFECT OF TYPE OF STEEL
The selection of type of steel is an important decision. A 
knowledge of the end part application determines the choice. The 
ingot route has traditionally been used for the production of low 
carbon sheet steel. Modern steelmaking involves predominantly 
continuous cast killed product, but the ingot production route 
has historiai and technical significance to the performance of 
drawing steel. The three major types of ingot route product are :
1. Rimmed Steel;
2. Capped Steel;
3. Special Killed Steel.
When poured into ingot molds the steel can be :
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(a) . Rimmed due to gaseous activity in outer regions of the
ingot;
(b) . Capped, using a heavy metal cap or by chemical addition;
(c) . Killed, using special deoxidizers. In the case of steel for
sheets, aluminum is generally used as the deoxidizing agent 
and the product is known as special killed steel.
Impurities and chemical elements (primarily carbon, 
phosphorus and sulphur) tend to rise and segregate to the center 
and to the top of the ingot. This effect is more pronounced in 
the case of rimmed steel, intermediate in the case of capped 
steel and least in the case of special killed steel.
The ingot pattern of each type of steel is retained 
throughout the slabbing, the hot roiling and the cold rolling 
process. The final sheet product inherits the steel type charac­
teristics. Selection of the best type is made on the basis of the 
end part reguirement and economics.
The characteristics of the different types of steel are as 
follows :
1. Surface : As a result of careful preparation of slabs, ail 
three types result in sheet surfaces with a minimum of defects 
and imperfections. Because of its deep, protective skin, rimmed 
steel gives best surface guality, generally with the least amount 
of surface or sub-surface defect.
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2• Formability : In spite of the non-uniformity that is a charac­
teristic of rimmed steel, it has been very extensively used for 
exposed applications involving both drawing and commercial 
quality intended for moderate drawing applications. Due to its 
segregation pattern, most sheets made from rimmed steel have 
softer edges with harder centers. Rimmed type sheet is generally 
used in the full-size dimensional form, such as for large, auto­
motive panels. When sheared by consumers to smaller sizes, non­
uniformity could be an undesirable characteristic. Capped steel 
is not used made for critical formability requirements. Special 
killed steel is the best choice for formability by virtue of its 
superior mechanical properties, its unifomity and its non-aging 
characteristics.
3. Uniformity : Capped steel is the most economical choice for 
non-drawing applications where better uniformity is a desired 
characteristic. Multiple sheets sheared or slit from capped steel 
will give better unifomity than can be obtained from rimmed steel 
with its variations from edge to center to edge. For the best 
uniformity, in terms of drawing performance as well as some 
sophisticated welding applications, special killed steel is the 
best choice. Not only is it more uniform from sheet to sheet, it 
is also more uniform in relation to the ingot location from which 
the sheet was made.
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Aluminium Killed Steel
A few hundred parts per million of aluminium in sheet 
steel results in appreciably higher average strain ratio than is 
usual for rimmed or capped steel. It was once widely held [47], 
that this was result a of pancake-shaped grains, which in turn 
were caused by aluminium nitride (AIN) particles distributed in 
such a way that grain growth was obstructed in the thickness 
direction of the sheet.
The desired texture that leads to a high average strain 
ratio only appears in annealed aluminium killed steel that has 
previously been hot rolled by cooling rapidly from the rolling 
temperature to the range 565 - 620°C before coiling, a practice 
called "coiling cold" [6,47], It is generally believed that 
the rapid cooling avoids significant precipitation of AIN, with 
the result that these elements remain in solution to later 
influence the texture obtained during recrystaiiization.
whether or not either of these precipitation and reversion 
mechanisms occurs is open to debate and would require further 
experimental verification [47]. However, the fact remains that 
coiling cold is the practical requirement to ensure that aluminum 
and nitrogen are in solid solution just prior to the recovery and 
recrystallization of cold rolled sheet during annealing. The 
subsequent clustering and precipation of AIN particles during the
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recrystallization process is responsible for development of good 
deep-drawing texture in properly processed aluminium killed 
steels. Alternatively, if Al-killed steel is coiled off the hot 
rolling mill at temperature above 620°C, AIN particles are formed 
in the hot rolled sheet, and these particles do not dissolve when 
the steel is heated to the annealing temperature. As a conse­
quence, the recrystallization texture and r-value are little 
different from those of rimmed steel [6, 42, 47].
4.3.2. EFFECT OF MICROSTUCTURE OF STEEL
The ASTM grain size is the principal microstructural charac­
teristic that affect the r and n-values, the properties that 
determine formability. These characteristics are established by 
the cold rolling and annealing operations in the production of 
steel sheet. They are also strongly influenced by small variation 
in composition and, to lesser degree, by the prior production 
step of hot rolling. In principle, however, r-value is controlled 
by steel texture and large grain sizes can also display low r­
values [16, 51].
Deformation in polycrystalline iron takes place in several 
slip directions on many slip planes and leads to the formation of 
dislocation tangles that eventually delineate deformation cell 
walls. Optical and electron microscope observation have shown 
that cells become elongated in the rolling direction and the cell
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walls become thickers as the deformation increases [6, 39]. After 
50 to 90% deformation the dislocation density is of the order of 
1010 to 1012 cmsq and the cells are elongated, their minor axis 
being one micron or less.
Many measuremets have been made of the preffered orientation 
developed during the cold rolling of steel sheet. Transmission 
pole figure data indicate that the main component of the deforma­
tion texture is {100} <110> a spread about this orientation that 
includes {112} <110>, {111} <110> and in some cases the
{111} <112> [16].
Karlyn, Veith and Forand [51] investigated the relationship 
between r-value and grain size in four different steels, v.i.z. 
Al-killed steel; 12:1 Ti to C + N steel; 6:1 Ti to C + N steel 
and standard rimmed steel.
The result of their work are shown in Fig. 4.7.
It is seen in Fig 4.7 that there is a linear relationship 
between the r-value and the ASTM grain size (or the logarithm of 
the grain diameter) for each grade of steel. This relationship 
may be expressed by the equation :
r = rQ - kN .... Eq. (17)
where : rQ = constant, different for each type of steel; 
k = constant;
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N = ASTM grain size number.
[Note that the slopes of the lines for different steels are 
nearly the same; hence k is relatively insensitive to the type of 
steel]. ___
GRAINS PER UU *  ( ot l OOX)
Fig. 4.7 Relationship between r-value and grain size [51].
Eq. (17) shows that there are two contributions to the 
formation of the desired texture for good formability. The term 
rQ depends on the composition and the prior processing steps 
which affect the orientations formed in the early stage of re­
crystallization. The second term decribes the contribution from 
grain growth. In Fig. 4.7 the link between r-value and grain size 
is due to greater development of favourable texture.
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It is clear that different alloy addition to sheet steel 
definitely produce different degrees of the crystallographic 
texture desired for formability. But in some steels these tex­
tures are not fully developed because the grain size obtain at 
the usual subcritical annealing tempearture is too small. Higher 
annealing temperatures are required to obtain the desired grain 
size and texture and these can only be attained if the uncombined 
carbon content of the steel is less than 0.010%, so that austen­
ite is not formed [21].
The reason for the increase in r-value with increasing grain 
size seems clear : recrystallized {111} grains continue to grow 
at the expense of other orientations, primarily the {100} grains. 
However, the reason why different alloying element cause the 
nucleation of different textures in the initial stages of recrys- 
talization is not clear at the present time.
4.3.3. EFFECT OF PROCESSING CONDITIONS
4.3.3.1 Hot Rolling Conditions
A large proportion of steel strip is produced in the first 
instance in continuous hot rolling mills. Thus, except where
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specific mention is made to the contrary, the discussion is 
confined to this product.
The first of the two critical parameters used to control the 
process is the temperature at which the strip enters the final 
hot rolling stand, called the finishing temperature. This temper­
ature is classified as being high if it significantly exceeds A3 
temperature, at which the structure will be fully austenitic and; 
the austenite (̂ ) will recrystallize under the influence of the 
final rolling pass, if the finishing temperature is sufficiently 
low, however, the structure during final rolling will be compar- 
ised of a mixture of ferrite (a) and austenite (tf) and the tem­
perature will be classified as a low finishing temperature. The 
final ferrite grain size clearly will be related to the manner 
in which the austenite recrystallizes during, and soon after, 
this final pass. Whiteley [6] found that a lower finishing tem­
perature led to less {111} and more {100} texture in cold rolled 
rimmed and Al-killed steel, thus resulting in a lower r-value. He 
attributed this to the fact that, when finishing at a high tem­
perature the ferrite grain texture of hot rolled sheet becomes 
almost random, whereas, when finishing at low temperature, the 
texture consists of more {100} and less {111} component. The 
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Fig. 4.8 Effect of finishing temperature on the hot 
roiled texture an subseguent cold roiled 
and annealed texture [upper: rimmed steel, 
lower : Ai-kiiied steel] [27].
Results of experiments carried out by Yoshida et ai. [28] on 
carbon rimmed steel are indicated in Fig. 4.9. According to
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these results, the texture of hot rolled sheet had more {110} and 
less {ill} in the the surface layer, more {100} in the centre 
layer, and showed a lower r-value when the finishing temperature 
decreased below 830°C. However, above 830°C the texture was 
insensitive to finishing temperature and hence no change occurred 
in the r-vaiue of the hot roiled sheet. The r-vaiue of cold 
roiled sheet corresponded well to that of the hot roiled sheet. 
The ferrite structure of the hot roiled sheet consisted of coarse 
grains in the rim layer at a finishing temperature of 830 °C and 
uniform grains at higher temperatures. Coarse grains were also 
observed throughout the sheet as the temperature became lower, 
suggesting that the temperature of 830 °C substantially agrees 
with the Ar3 point.
Yoshida et ai. [28] and Kubotera et ai. [29] observed that 
the r-value of cold rolled steel sheet reached its maximum when 
hot roiling was finished at a temperature immediately above the 
Ar3 point. Typical results are illustrated in Fig 4.10. The 
effect of the hot roiling finishing temperature on the r-vaiue 
and the texture of cold roiled steel sheet depends not only upon 
the r-vaiue and texture of hot rolled sheet, but also upon the 
ferrite grain diameter; a smaller ferrite grain diameter in hot 
rolled sheet has been ascertained to correspond to more {ill} 
grains and a higher r-vaiue in cold roiled sheet [6].
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Fig. 4.9 Effect of finishing temperature on the hot 
roiled texture of the surface and centre 
of the sheet (rimmed steel C=0.04;Mn=o.25, 
p=0.011; s=0.021; N=0.002; 0=0.057) [28].
According to Nagashima [30], the fact that the texture of 
hot roiled sheet finished at a low temperature contains 
more {100} in its thickness centre layers are considered at­
tributable to the presence of deformed ferrite remaining during 
coil cooling. According to Backofen [5], however, differences in 
texture between surface and centre layers is due to the dif­
ference in crystal rotation around the transverse direction 
caused by inhomogeneous deformation in hot roiling between these 
layers.
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Fig. 4.10 Effect of finishing temperature on r-vaiue of the 
hot rolled sheet and subsequent cold rolled and 
annealed sheet (the same rimmed steel as that 
shown Fig.4.9) [28].
Evidence supporting the conclusion of Yoshida et al. [28] 
and Kubotera et al. [29] is apparent in Fig. 4.11, which also 
indicates the effect of coiling temperature for rimmed steel.
Whiteiey et al. [6] observed that, except for cases of 
hot rolling at extremely low temperatures, the texture of hot 
rolled rimmed steel sheet shows almost no change with the coiling 
temperature.
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In contrast [5], in low carbon Al-killed steel, a lower 
coiling temperature leads to a higher r-value of cold rolled 
sheet (Fig.4.12). The r-value is higher in steel B (0.36% A1) 
than in steel A (0.07% Al), suggesting a marked effect of the 
amount of Al. In Al-killed steel, {111} increases and {100} 
decreases because of AIN precipitation during annealing.
The r-value therefore becomes higher in the cold 
rolled sheet if coiling is conducted at a low temperature (<620 
°C) so as to permit the presence of Al and N in solution.
Fig. 4.11. Effect of finishing temperature 
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Fig. 4.12. Effect of coiling temperature on r-vaiue 
of rimmed and aiumunium killed steel 
[Ai content A = 0.07% and B = 0.36%] [6].
4.3.3.2 Cold Rolling Conditions
The deep drawability of cold rolled sheet depends signifi­
cantly on the cold reduction and the rolling lubrication condi­
tions [6] (Fig.4.13). The r-value rises with the increase in cold 
reduction, reaching a maximum and then decreasing. For a constant 
cold reduction, the r-vaiue is increased by more effective roll­
ing lubrication. The r-value shows its maximum at a higher cold 














Fig. 4.13. Effect of lubricating conditions and cold 
reduction on r-vaiue and ir-vaiue of rimmed 
Steel (C=0. 05, Mn=0.32, P=0.012, S=0.023,
N=0.0017, 0=0.054) [31].
The peak occurs at about 50% for non-lubrication rolling, at 
about 60% for water-lubrication rolling and at about 80% for 
water-soluble oil lubrication rolling.
In oil lubrication roiling, the crystallographic orientation 
throughout the thickness of the sheet is substantially homogene­
ous and the change in the texture with the cold reduction very 
well agrees with changes in r-value as shown in Fig. 4.14. Non­
lubrication roiling results in inhomogeneous deformation; even
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after annealing, the surface layer contains more {110} grains 
and less {ill} and {100} than the center layer. This is likely 
to be due to differences in crystal rotation between the surface 
and center layers as a result of too low a lubricating effect in 
roiling. Similar results have been reported by Held [31].
Fig. 4.14 Relationship between the change in r-vaiue with cold 
reduction and the changes in the annealed texture 
as function of cold reduction of Al-kilied steel [27].
Fig. 4.15 shows the relation between cold reduction and ±r- 
vaiue. ±r is negative at low cold reductions and as the cold 
reduction rises, it is increase through ±r = 0 up to its
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positive maximum at 70 - 80% then decreases again to negative 
values at very high reductions. This means that there are two 
levels of cold reduction, high and low, at which no earing ap­
pears in deep drawn articles. These amounts of cold reduction 
depend also on the finishing and coiling temperatures. The effect 
of the finishing temperature is indicated in Fig 4.16 [19]. It is 
clear that the cold reduction corresponding to the maximum r- 
vaiue does not necessarily correspond to that for which *r = 0. 
At a cold reduction of about 85% = 0 and the r-vaiue is rela­
tively high. However, the limitations of the roiling mill capaci­
ty and other restricting conditions of the equipment may prevent 
reductions as high as 85 %. For example, at PT. Krakatau Steel 
hot rolled sheets of 2.3 - 3.2 mm thick are often used for the 
manufacture of 0.8 mm thick cold roiled sheet steel (cold reduc­
tion : 65 - 80%).
4.3.3.3 Effect Of Annealing Conditions
Heating rate, annealing temperature, soaking time and an­




Fig. 4.15 Effect of cold reduction
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Effect of heating rate
The relation between the heating rate and the r-vaiue is 
shown in Fig. 4.17 [31]. According to this figure, the r-vaiue 
almost linearly decreases with the increase in the heating rate
Page : 75
in low carbon rimmed steel. In low carbon Ai-kilied steel, the 
tendency varies with the amount of Ai; for a low Al content, the 
r-vaiue decreases monoticaily as in the case of low carbon rimmed 
steel (but at a higher rate). However, as the AI content becomes 
higher, a peak r-vaiue appears and the heating rate corresponding 
to the peak moves toward the higher heating rate side with the 
increase in AI content. This implies that, when precipitation of 
AIN and nucieation of recrystaiiization co-incide in Ai-killed 
steel, many (ill) grains are produced and the r-vaiue becomes
higher.
1.4
Fig. 4.17. Effect of heating rate and 
Ai content on r-vaiue [31].
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A published paper [32] has reported that the heating rate 
corresponding to the maximum r-value varied not only with the Ai 
content but also with the N content, Mn content and cold reduc­
tion. Very high heating rates are relevant to Continuous Anneal­
ing and data for rimmed steel are shown in Fig. 4.18.
H*a?W»g Roft, *Vhr
Fig. 4.18. Effect of heating rate and coiling temperature 
on r-value of rimmed steel [32].
4.3.4. EFFECT OF ANISOTROPY
Plastic anisotropy, as measured by the average strain ratio, 
r-value, and by the variation in strain ratio, , is important 
to the succes of press forming operations that are predominately
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drawing in nature. In fact, the superior formabiiity of Al-killed 
sheet steel is iargeriy the result of the greater anisotropy of 
this material.
The work of Lankford et, ai. [34], and that of Burn and 
Heyer [35], clearly demonstrate by two different methods that the 
strain ratio is related to the crystallographic orientation, or 
texture of the sheet. The reason that texture in sheet steel 
affects the anisotropy of mechanical properties is that the 
strength of a single crystal of iron varies with the crystallo­
graphic direction.
The BCC structure of iron is strongest along the cube diag­
onal, <111> , direction [35]. It is also strong along the face 
diagonal, <110> , and weakest along the cube edge, <100>. Thus, 
sheet steel would be isotropic only if the many component crys­
tals were randomly oriented. Processing tends to rotate the 
individual crystal to one or more common orientations relative to 
the direction of deformation, thereby affecting the directionali­
ty of properties. The type and degree of preferred orientation 
depend on the mode, magnitude and temperature of deformation, and 
the subseguent annealing treatment.
The cube-on-corner texture, {111}, with the strongest crys­
tal direction oriented normal to the sheet, is favourable to the 
development of high strain ratio, r-value. Conversely, the
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cube-on-face texture, {loo}, with the weakest crystal direction 
oriented normal to the sheet, is unfavorable to the development 
of high strain ratio.
X-ray pole figures also demonstrate the relationship between 
strong {ill} texture and higher r-vaiue [36]. As shown in Fig. 
4.20, the Ai-kiiied steel with an r-vaiue of about 1.89 has a 
more pronounced {ill} texture than rimmed steel with an r-vaiue 
of 1.27.
A measure of the relative intensities of the cube-on-corner, 
cube-on-edge and cube-on-face textures may be obtained by the 
inverse pole figure method. Such data are useful because they 
provide a numerical evaiution of texture.
In this connection, consider Fig. 4. 21 in which the X-ray 
peak intensities of a random polycrystalline sample are compared 
with the average strain ratios that result from different amounts 
of cold prior annealing. It is evident that the increase in r- 
vaiue follows an increase in the intensity of the cube-on-corner, 
{111}, texture. However, r drops off for reductions greater than 
75% even though the intensity of the cube-on-corner texture 
continues to rise with reduction up to about 90%.
The decrease in r-vaiue with increasing reduction above 75% 
may be a reflection of the increase of the cube-on-face, {100}, 
texture. This is because {100} texture lowers the strain ratio
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Fig. 4.20 Effect of steel composition (Al-kilied v.s rimmed) 
on texture produced by cold rolling 70% and box 
annealing 24 hours at 680°C (left = Ai-kiiied 
steel? r=1.89 and right = rimmed steel; r=1.27)[36].
and the absence of such texture improves the strain ratio in the 
same way as the presence of {111} texture. In other words, the 
change in r-vaiue with increasing cold reduction prior to
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annealing as shown in Fig. 4.21 is actually a composite of the 
effects of a variety of texture components.
C O L O  R E D U C T I O N ,  %
Fig. 4. 21 Relationship between the final annealed texture 
and the average strain ratio as a function of 
prior cold reduction [6].
4.3.5. EFFECT OF CRYSTALLOGRAPHIC TEXTURE
The texture after recrystaiiization is, of course, different 
from that to the cold reduced steel. In rimmed steel, the recrys­
tallized texture has about the same proportion of {111}, {332}
and {211} components as the corresponding deformation texture, 
but less {100}, except at very high reductions. In Ai-kiiied 
steel, however, the change in texture after recrystaiiization is 
similar but more pronounced for reasons that will be described in 
the next section.
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Although the amount of cold reduction immediately prior to 
annealing has a definite effect upon texture and hence r-vaiue/ 
the texture prior to cold rolling also affects the final texture. 
Whiteley and Wise [6] found that sheet that is hot rolled at low 
finishing temperature often exhibits a fairly strong {110} com­
ponent. The result, in effect, is to lower the r-value versus 
percent cold reduction curve without affecting its general shape.
Starting textures produced by cold reduction and annealing 
can give similar effects. Various theories have been advanced 
about the mechanism by which the change in preferred orientation 
takes place. Some hold that the recrystallized texture is estab­
lished by the formation of certain oriented nuclei which grow 
without competition from nuclei of appreciably different orienta­
tions [36,37].
Others believe that nuclei of all orientations are formed 
and begin to grow, but that some nuclei grow faster than others, 
depending on their orientation relative to the adjacent recovered 
matrix [23]. Still others have suggested that the experimental 
data can be interpreted by a theory involving both oriented 
nucleation and oriented growth [37].
By electron diffraction techniques it has been established 
that the relative stored energy in oriented cold rolled grains of 
iron decrease in the order {ill}, {112} and {100}. Because the
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{111} oriented grains have the highest stored energy, they are 
likely to be the first to recrystailize [37]. Further, the recry- 
tailized grain orientation is also (ill) and is usually nucleated 
within the deformed ferrite grains. This takes place by forming 
the full range of {ill} orientations around the normal to the 
plane [37]. At some stage after the {ill} grains have started to 
form by recrystallization, the remaining orientations form by the 
nucleation of new grains, mainly at the as roiled grain bounda­
ries [19]. These boundary nucleated grains have a wide range of 
orientations and grow by absorbing the remaining unrecrystailized 
orientations.
Thus, the intensity of the {111} component in the deformed 
state remains approximately constant, or increases only slightly 
during recrystallization, whereas {100} decreases. This concept 
is supported by the work of Kubotera and Nakaoka [37] who noticed 
that deformed {111} grains tend to form subgrains more readily 
than deformed {100} grains. As a result, after recrystailization 
and grain growth, the {100} grains are smaller than the {111} 
grains.
Among the many factors in annealing commercial steel that 
influence recovery-recrystaliization behaviour are alloy and 
impurities content and distribution; second phase particle size 
and distribution; recrystailization temperature; heating rate;
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prior hot and cold rolling history; and composition changes that 
result from gas metal interactions during annealing.
Page : 84
CHAPTER 5. EXPERIMENTAL PROCEDURE
The investigation was divided into two stages. The first 
stage was mass production scale processing of material, including 
various levels of reduction in the Tandem Cold Mill (TCM) and 
various holding times for batch annealing.
The second stage consisted of a laboratory scale investi­
gation of the effect of heating rate and holding time during 
simulated batch annealing.
These investigations were designed to obtain more detailed 
information on the effect of rolling and annealing variables on 
the mechanical properties (hardness, yield and tensile strength 
and elongation); and the drawability indices : average strain 
ratio, r-value, planar anisotropy, ±r-value, and strain hardening 
exponent, n-value.
5.1. MATERIALS
The materials used in these investigation were different 
heats and thicknesses of hot rolled strip of low carbon Ai-kiiied 
steel.
Chemical compositions and hot roiling conditions are shown 
in Table 5.1.
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Table 5.1 The chemical compositions and hot rolling 
conditions of the steel used.
MATERIAL CHEMICAL COMPOSITION (%) FINISHINGTEMPERATURE(°C)
COILINGTEMPERATURE(°C)c Mn Si P S Al N
A .046 .249 .004 .008 .007 .039 .0059 880 550
B .034 .278 .019 .013 .007 .053 .0062 910 590
G .046 .252 .003 .011 .004 .040 .0057 870 600
D .035 .297 .010 .007 .009 .052 .0046 880 600
LAB.SCALE .046 .252 .003 .011 .004 .040 .0057 870 600
5.2. EXPERIMENTAL PROCEDURE
5.2.1 Experimental Procedure For Mass Production Scale
The curve experimental procedures of annealing cycle are 
shown in Fig. 5.1.
Fifteen to twenty tonnes of slab from different heats were 
hot rolled to sheet using a finishing temperature between 870°C 
to 910°C and a coiling temperature between 550°C to 600°C.
The steel sheet was pickled and cold reduced more than 66% 
by the tandem cold mill (TCM). Four full hard coils A, B, C, and 
D were batch annealed at annealing temperatures between 640°C to 
680 ° C .
Mechanical testing and formability and stretchability tests 
were conducted on samples cut from the finishing line and micros-
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tructurai examination for % recrystaiiization and grain size was 
carried out. Additional tests for formability and stretchabiiity 
included the determination of the Erichsen cup test value.
The details of mass production scale conditions are indicat­
ed below :
Steel Tandem Cold Mill Heating Soaking Temper Rolling
Code Reduction (%) Rate (°C/hrs) Time (hrs) Reduction (%)
A 65.71 12 640 ° C X 8 0.8
B 68.80 12 680 °C X 12 0.8
C 65.71 12 680 °C X 16 0.8
D 66.67 12 680 ° C X 20 0.8
The thermal profiles of annealing cycles are shown in Fig.
5.1.
5.2.2 Laboratory Scale Experiments
Full hard material from the tandem cold mill (TCM) of gauge
1.2 mm and reduction of 65.71% was cut into specimens according 
to ASTM standard E517-74 by milling.
This material corresponded to steel C in Table 5.1. Speci­
mens of cold rolled material were prepared and placed into a 
laboratory furnace and rapid heating was carried out up to 400 °C 
under an argon gas atmosphere, then annealing was carried out at 
variuos heating rate (l2°C/hrs/ 24°C/hrs and 36°c/hrs), followed 
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Fig. 5.1. The curve of annealing cycle for mass production 
scale batch annealing : o
(a) . Annealing temperature 640°C
(b) . Annealing temperature 680”c
(c) . Annealing tempearture 68cTc
(d) . Annealing temperature 680°C
x 8 hours; 
x 12 hours; 
x 16 hours; 
x 20 hours.
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Schematic thermal treatments are shown in Figures 5.2a, 5.2b
and 5.2c.
Fig. 5.2a Schematic representation of annealing cycle 
for heating rate of 12°C/hours.
Fig. 5.2b Schematic representation of annealing cycle 
for heating rate of 24°C/hours.
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Fig. 5.2c Schematic representation of annealing cycle 
for heating rate of 36°C/hours.
After annealing, these specimens were tensile tested to
determine the yield and tensile strengths, n-value and extended
15% for r-value determination.
5.3 MEASUREMENT METHODS
1. Microstructure : observation of recrytailization and grain 
size of heat treated material with various heating time.
2. Hardness : the hardness measurement was carried out on samples 
of heat treated laboratory and mass production steel samples.
3. Mechanical testing : the tensile testing as carried out on the 
samples for yield and tensile strength and total elongation.
4. The exponent strain ratio, n-value : the n-value was
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calculated from the tensile test curve using the 
Nelson-Winlock procedure [53]. This procedure, the load at 10% 
elongation (F10) and the maximum load (Fmax) are obtained by 
using preset dividers and 25 mm gauge marks, or from the 
autographic record. It is important that strain rate be kept 
constant between F10 and Fmax. The ratio Fmax/FlO is calcu­
lated and the n-value obtained from either a table or the 
graph shown in Fig. 5.3. The corresponding uniform elongation 
(Eu) is also given. Conversion from one to the other is made 
using the formula :
n = In ( 1 + Eu ) ....  Eq (18)
where : In = natural logarithm?
Eu = uniform elongation.
. The strain ratio (r-value) : the r-value was calculated by the 
following Eq. (11) using ASTM E517-74 standard test specimens 
from each samples, where s Wo, Wf are the width of the paral­
lel portion of the specimens before and after applying an 
elongation strain of 15% (Wo = 25mm) and lo, If are initial 
and final length measurements, respectively.
In order to save considerable calculation time, a nomograph 
can be used to obtain a value for r, as shown in Fig. 5.4.
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6. The Erichsen cup test : the Erichsen cup test is simulated of 
formabiiity of the sheet steel performance under strecthing 
conditions. The sheet is clamped rigidly in a biankholder and 
pressed by punch diameter 20mm. Schematic representation of 
tooling simulate formabiiity are shown in Fig. 5.5.
Fig. 5.3 Nomograph simplifying calculation of the n-value.
The ratio of maximum load and load at 10% strain 
are crosses the correct n-vaiue and uniform 
elongation (Eu ) [52 j.
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Nomograph simplifying calculation of the r-value. 
The ratio of final length to initial length (left) 
and the ratio of final width to initial width 
(right) crosses the correct r-vaiue (middle)[52].
T o o l i n g  Tor E r i c h s e n  c u p p i n g  t e s t .  A p p l i c a t i o n  
r a n g e  f o r  s h f e e t s  a n d  s t r i p s  [ w i d t h  > :  9 0  m m  ( 3 . 5  i n ) ]  w i t h  a  
t h i c k n e s s  o f  0 . 2 - 2  m m  ( 0 . 0 8 - 0 . 8  i n ) .  D i m e n s i o n s  i n s i d e  t h e  
f i g u r e  a r e  i n  m m  ( i n ) .  (After [ 1 8 . 1 9 ] . )
Schematic representation of simulate formabiiity 
with Erichsen cupping test [45].
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CHAPTER 6. RESULTS
6.1 MASS PRODUCTION SCALE RESULTS
Results for mass production scale samples are shown in Table
6.1. This table indicates the effect of holding time on mechani­
cal properties (hardness? yield and tensile strength). These 
properties decreased in value with increasing holding time. In 
contrast, elongation, grain size and Erichsen cup test value 
increased with increasing holding time.
The average strain ratio, r-value, decreased with increasing 
holding time with the strain hardening exponent, n-value, 
remaining relatively constant. The microstructures at the end of 
these mass production treatments are shown in Fig. 6.1.
These data are plotted in Fig. 6.2.








HRB Y.S. (N/mm2) T.S. (NAnm2) & - J 2 L r-VALU E n-V A LU E ERICHSEN (mm) GRAIN SIZE (pm)
A 65.71 640*C 8 hr* 52 246 330 41 1.66 0.202 11.5 20
B 68.80 680*C 12hrs 43 231 275 49 1.60 0.222 112 25
C «5.71 660*C 16 hr* 40 200 270 51 1.55 0.222 12.5 28
D 66.67 680*C 20 hr* 38 198 268 52 1.54 0.222 12.8 35
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Material (A) Material (B)
Material (C) Material (D)
Fig. 6.1. Photomicrographs of mass production scale material 
Material (A) : Annealing temperature 640°C x 8 hours (XlOO) 
Material (B) : Annealing temperature 680°C x 12 hours (X100) 
Material (C) : Annealing temperature 680°C x 16 hours (X100) 
Material (D) : Annealing temperature 680°C x 20 hours (X100)
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**" n-VALUE (x 1000) 
r-VALUE (x 100) 
ERICHSEN CUP (x 10) 
GRAIN SIZE
Fig. 6.2. Effect of annealing temperature and holding time 
on mechanical and formability properties for 
mass production scale.
6.2. LABORATORY SCALE RESULTS
For laboratory scale results, the properties measured were 
hardness; yield and tensile strengths; total elongation; strain 
ratio (r-vaiue); strain hardening exponent (n-vaiue); %recrystai- 
iization and grain size.
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The variation in hardness with temperature and holding time 
for various heating rates, is shown in Figs. 6.3a and 6.3b. All 
the curves have the normal sigmoidal form. However, a decrease in 
hardness occurs prior to the onset of recrystaiiization in each 
case, and the extent of pre-recrystaliization softening increased 
with increasing temperature of the onset of recrystallization. 
The hardness on complete recrystallization was similar for all 
heating rates.
The results of hardness tests for various heating rates, at 
temperatures between 400°C and 500°C indicated that hardness was 
approximately independent of heating rate. However, this tempera­
ture range represents the "recovery zone". Marked softening by 
recovery was not evident, but for temperatures over about 560°C 
recrystallization occurred and the hardness decreased sharply in 
this "recrysta.lliza.tion zone". Some post-recrystallization sof­
tening also occurred at tempertures greater than 620°C for all 
heating rates, due to "grain growth". The terminal hardness was 
similar for the various heating rates.
The highest heating rate (36°C/hr) resulted in the highest 
start temperature for recrystaiiization. Despite the delayed 
recrystaiiization, post-recrystallization softening was more 
marked for the highest heating rate, as shown in Fig. 6.3a.
6.2.1. Hardness Results
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HEATING RATE 12°C/H — HEATING RATE 24°C/H 
HEATING RATE 3 6 X /H
Fig. 6.3a. Effect of temperature on hardness for 
various heating rates.
-^ H EA T IN G  RATE 12°C/H “ HEATING RATE 24°C/H 
■ *" HEATING RATE 36°C/H
Fig. 6.3b. Effect of holding time on hardness for
various heating rates.
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The results for yield and tensile strengths obtained from 
tensile tests are shown in Figs. 6.4a; 6.4b and 6.5a; 6.5b. These 
curves show the softening of the material which accompanies 
recrystallization. The shapes of ail curves are typically sigmoi­
dal and similar to the hardness variations.
Both yield and tensile strength of the material are depend­
ant upon the recrystallization condition. The differences in 
yield and tensile strengths just prior to recrystallization are 
due to varying amounts of pre-recrystailization softening by 
recovery. Final yield and tensile strengths vary with grain 
growth which is also controlled by the thermal cycle.
The results of total tensile elongation are shown in Figs. 
6.6a and 6.6b. The curves show the softening of the material 
which accompanies recrystallization. The shapes of the curves are 
typically sigmoidal. At a given temperature in the cycle between 
500-550°C the elongation in generally higher the lower the heat­
ing rate, because recrystallization starts at a lower temperature 
and is more advanced at a given temperature for the slower heat­
ing rate. Total elongations following recrystallization (during 
the isothermal hold) varied siighty with grain size.
6.2.2. Tensile Results
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—  HEATING RATE 12°C/H “ HEATING  RATE 24°C/H 
HEATING  RATE 36°C/H
Fig. 6.4a. Effect of temperature on yield strength 
for various heating rates.
—  HEATING RATE 12°C/H “ HEATING RATE 24°C/H 
■ *" HEATING RATE 36°C/H
Fig. 6.4b. Effect of holding time on yield strength
for various heating rates.
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HEATING RATE 12oC/H ~~ HEATING RATE 24oC/H 
HEATING RATE 36oC/H
Fig. 6.5a. Effect of temperature on tensile strength 
for various heating rate.
"*■  HEATING RATE 12X/H  HEATING RATE 24°C/H 
HEATING RATE 36°C/H
Fig. 6.5b. Effect of holding time on tensile strength
for various heating rate.
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HEATING RATE 12°C/H ~  HEATING RATE 24°C/H 
HEATING RATE 36°C/H
Fig. 6.6a. Effect of temperature on elongation 
for various heating rate.
^ "H EA T IN G  RATE 12°C/hr HEATING RATE 24°C/hr 
HEATING RATE 36°C/hr
Fig. 6.6b. Effect of holding time on elongation
for various heating rate.
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6.2.3. The Strain Hardening Exponent Results
The results of strain hardening exponents, n-values, from 
the tensile test data are shown in Figs. 6.7a and 6.7b. The 
curves show the variation in n—value which accompanies recrystal— 
lization. The shapes of the curves in Fig. 6.7a are approximately 
parabolic.
These curves indicate that the n-value increases with 
increasing amount of recrystallization. In this case the n-value 
remained higher for the lowest heating rate both during the 
anisothermal and the isothermal stages of the annealing cycle.
6.2.4. The Average Strain Ratio, r-value, Results
The variation in average strain ratio (r-value) with aniso­
thermal annealing temperature and with isothermal holding time 
for the three heating rates, is shown in Figs. 6.8a and 6.8b. An 
increase in average strain ratio occurred with the onset of 
recrystallization in each case, with the r-value being higher at 
a given temperature in the recrystallization zone for a lower 
heating rate. The average strain ratio on complete recrystalliza­
tion was similar for all heating rates, but became, and remained, 
higher during holding at 680°C for the lowest heating rate.
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TEMPERATURE (°C)
HEATING RATE 12°C/H ■+■ HEATING RATE 24°C/H 
HEATING RATE 36°C/H
Fig. 6.7a. Effect of temperature on n-vaiue 
for various heating rates.
HEAT ING  RATE 12°C/hr HEATING RATE 24°C/hr 
^ H E A T IN G  RATE 36°C/hr
Fig. 6.7b. Effect of holding time on n-value
for various heating rates.
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"*■  HEATING RATE 12°C/H "^ H EA T IN G  RATE 24°C/H 
HEATING RATE 36°C/H
Fig. 6.8a. Effect of temperature on r-value 
for various heating rates.
HEAT ING  RATE 12°C/hr ~  HEATING RATE 24°C/hr 
HEAT ING  RATE 36°C/hr
Fig. 6.8b. Effect of holding time on r-value
for various heating rates.
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6.2.5. The Grain size Results
The variation in grain size with temperature and holding 
time for various heating rates, is shown in Figs. 6.9a and 6.9b. 
Ail the curves have the normal sigmoidal form. However, an in­
crease of grain size occurred at the onset of recrystaiiization 
in each case. The grain size on complete recrystaiiization was 
larger for the highest heating rate and remained higher with 
little change on holding at 680°C following the completion of 
recrystaiiization. The microstructure at the end of a 4 hour hold 
at 680°C, following simulated batch annealing at the three rates 
is shown in Fig. 6.10.
—  HEATING RATE 12X/H  ■+" HEATING RATE 24°C/H 
^ H E A T IN G  RATE 3 6 X /H
Fig. 6.9a. Effect of temperature on grain size
for various heating rates.
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HEATING RATE 12°C/hr — HEATING RATE 24°C/hr 
HEATING RATE 36°C/hr
Fig. 6.9b. Effect of holding time on grain size 
for various heating rates.
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Heating rate : 24°C/hr
Fig. 6.10. Photomicrograph of laboratory 
4 hours hold at 680°c (X100). 
(a). Heating rate I2°c/hr 
(fc>). Heating rate 24°C/hr 
(c). Heating rate 36°C/hr
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CHAPTER 7. DISCUSSION OF RESULTS
7.1. Production Scale Experiments
With increased holding time for the mass production scale 
experiments the hardness, yield and tensile strength and average 
strain ratio, r-value, ail decreased. In contrast, the total 
tensile elongation and the grain size increased with increasing 
holding time, while the strain hardening exponent, n-value, 
remained relatively constant.
The laboratory simulation allowed the progressive investiga­
tion of the development of the properties and structure during 
heat treatment and the following sections refer specifically to 
the laboratory scale experiments. However, the general statements 
apply eguaiiy to the mass production scale experiments.
7.2. Effect of Cold Rolling Process on Mechanical Properties.
Deformation in poiycrystalline iron takes place in several 
slip directions on many slip planes and leads to the formation of 
dislocation tangles that eventually delineate deformation cell 
walls.
These changes have a marked effect on the mechanical proper­
ties and microstructure.
Reed-Hill [50] states that dislocations are only able to 
climb by creation of vacant lattice sites, or interstitial atoms
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and at the cost of further expenditure of energy. The net result
is increasing resistance to further % deformation. After 50 to 90
, , _ , , , _ in% deformation the dislocation density is of the order of 10 to
1012/sq cm and the cells are elongated, the minor axis being one
micron or less.
The cold rolled samples exhibit high strength and hardness 
and have elongated grain with a high dislocation density. The 
"deformed11 properties are indicated by the recovery stage of the 
laboratory scale experiments (see Figs. 6.3a, 6.4a, 6.5a and
6.6a).
Leslie [23,39] found that percentage of cold reduction 
strongly affects the yield strength. The increase in yield 
strength with increasing cold reduction which results from the 
cold rolling treatment is of importance in deep drawing as 
shown in Fig. 7.1.
7.3. Effect of Annealing Process on Mechanical Properties and 
Microstructure
Metals which are made harder and stronger by cold rolling 
can be restored to their original soft condition through an 
annealing process. During annealing the deformed structure disap­
pears and the mechanical properties return to the normal annealed 
ones as shown in Fig.7.2.
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Fig. 7.1. Increase in strength with
increasing cold reduction [23].
Fig. 7.2. Changes in properties on annealing of 
cold rolled sheet steel [39].
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In general, this return to a more stable structure can 
occur spontaneously, but only at elevated temperature where 
thermally activated processes such as diffusion, cross slip and 
climb take place. Like many non-equlibrium processes, the rate 
of approach to equilibrium will by governed by an Arrhenius 
equation of the form [49] :
Rate = A exp ”Q/RT ... Eq. (20)
where : Q = the activation energy which depends on impurity
content, strain, etc;
R = gas constant;
T = temperature of annealing.
When the cold rolled sheet steel is annealed, the disloca­
tion density is markedly diminished and the preferred orientation 
changes from that in the cold rolled condition. This transforma­
tion takes place in two stages, recovery and recrystallization.
7.3.1. Recovery Stage.
In this process deformed sheet steel reverts to a condition 
in which the physical and mechanical properties tend towards the 
undeformed state, but there are no major changes in preferred 
orientation.
Recovery itself consists of a series of changes. In the 
early stages there is a change in the electrical properties, but
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no observable change in mechanical properties and microstructure. 
During the later stage of recovery changes can occur in both 
the physical properties i.e. electrical properties [39].
These phenomenom are shown in Figs. 6.3a, 6.4a, 6.5a, 6.6a, 
6.7a, 6.8a and 6.9a, it is evident that the mechanical properties 
of the laboratory scale samples (hardness? yield and tensile 
strength; and elongation) and grain size for all three heating 
rates (12°C/hr, 24°C/hr and 36dC/hr) were remained relatively 
constant during the recovery stage. But the average strain ratio, 
r-value, and strain hardening exponent, n-value were not deter­
mined because the total tensile elongation was less than 15%. For 
calculation of the r and n-values, the total elongation must be 
above 15%, according to the ASTM standard E 517-74 procedure or 
the Nelson-Winiock procedure [53].
Michalak and Paxton [41] have shown that the activation 
energy for the recovery stage is the same as that for vacancy 
migration, which would account for the change in electrical 
properties. On the other hand, the later stage has an activation 
energy like that of seif-diffusion of iron, a finding that agrees 
with the fact that during the early stage of recovery the elec­
trical properties change but the mechanical and dislocation 
arrangement does not.
Recovery processes take place in cold worked metals before
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recrystallization or alteration of orientation occurs. It should 
be noted that the structure of a cold rolled metal consists of 
dense dislocation networks, formed by the glide and interac­
tion of dislocations, and consequently, the recovery stage of 
annealing is chiefly concerned with the rearrangement of these 
dislocations to reduce the lattice energy and does not involve 
the migration of large-angle boundaries. This rearrangement of 
the dislocations is assisted by thermal activation. One of the 
most important recovery processes which leads to a rearrange­
ment of the dislocations, with a resultant lowering of the 
lattice strain energy, is polygonization.
Jolley [26] concluded that the rate of recovery in Ai-kiiled 
steel during simulated box annealing is the same as for rimmed 
steel and that the differences in the final annealed struc­
ture and properties are due to the different growth rates of 
recrystaiiized grains, as modified by the precipitation of AIN 
in the Al-kilied steel. On the other hand, he has reported that 
recovery, as measured by changes in flow stress, occurs in both 
types of steel at approximately the same rate and that a well 
polygonized matrix is produced in both.
In contrast, Dillamore and Fletcher [42] have reported that 
during slow heating in a box annealing treatment, a rimmed steel 
recovered to a considerable extent, whereas recovery in an Ai- 
killed steel was inhibited by some dislocation locking mechanism.
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7-3-2. Recrystaliization Stage.
After and during recovery, recrystaliization can be initiat­
ed. The mechanical properties during the recrystaliization stage 
are shown in Figs. 6.3a, 64a, 6.5a and 6.6a. The graphs indicate 
a decrease in hardness and strength and increase in elongation 
with increasing temperature. Fig. 6.10 shows photomicrographs of 
the recrystaiiized structure and grain growth of samples after a 
4 hours hold at 680°C following various heating rates (120C/hr, 
24°c/hr and 36°c/hr) to the hold temperature.
Smallman [48] concludes that the most significant changes in 
the structure-sensitive properties occur during the primary 
recrystaliization stage. In this stage the deformed lattice is 
completely replaced by a new unstrained one by means of a nucléa­
tion and growth process, in which practically stress-free grains 
grow from nuclei formed in the deformed matrix. The orientation 
of new grains differ considerably from that of the crystals they 
consume, so that the growth process must be regarded as incoher­
ent, i.e. it takes place by the advance of large angle boundaries 
separating the new crystals from the strained matrix. It is well 
know that the rate of recrystaliization depends on several im­
portant factors, namely :
(a). The amount of prior deformation (the greater the degree of
deformation the lower the recrystaliization temperature and
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the smaller the grain size);
(b) . The temperature of the anneal (as the temperature is lowered
the time to attain a constant grain size increases exponen­
tially) ;
(c) . The purity of the sample.
Figs. 6.3a, 6.4a, 6.5a, 6.6a and 6.9a show that the highest 
heating rate (36°c/hr) resulted in the highest start temperature 
for recrystaiiization. This has an effect on the mechanical 
properties and the r and n-vaiues.
Hutchinson [47] has reported that in Ai-kiiled steel the 
dissolved aluminum and nitrogen play no special role during cold 
rolling, but strongly influence recovery and recrystallization on 
subseguent annealing. During slow heating a process of agglomera­
tion of aluminum and nitrogen occurs, which retards the mechani­
cal and structural changes in the steel and modifies the result­
ing texture as shown in Fig. 7.3.
The condition of optimum plastic anisotropy occurs together 
with a maximum grain elongation (pancake) and also corresponds to 
a maximum grain size in the annealed product.
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T I M E
Fig. 7.3. Schematic diagram showing the kinetics of 
AIN precipitation and recrystallization 
in cold rolled steel [47].
7.4. Effect of Heating Rate on the Mechanical Properties, 
Average Strain Ratio, r-value, and Strain Hardening Expon­
ent, n-value.
The amount of recovery and recrystallization that occurs at 
a given temperature depends on various factors, heating rate 
being one of the more important. The more rapid the heating rate 
the smaller the amount of recovery that occurs prior to recrys­
tallization. Recrystallization under these conditions normally 
leads to a fine grain size [47]. Rapid heating also prevents the 
full development of the crystallographic texture and the decrease 
in the mechanical properties which can cause low r-values in Al- 
killed steels [6,47].
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Although this might be attributed to the fine g r a m  size, 
there is evidence that for a constant recrystallized grain size 
the texture that is formed is often not as fully developed as 
that obtained with slow heating rates.
Fig. 7.4a shown that heating rate can be affecting on the r- 
vaiue which highest heating rate (36°C/hr) resulted in the lowest 
r-value and the highest start temperature for recrystaiiization 
because this process is thermally activated, reguiring both time 
and temperature to initiate the nucieation of recrystaiiized 
grain. This factor affected the resulting mechanical properties 
and microstructure as shown in Fig. 7.4b. (Also see Figs. 6.3a, 
6.4a, 6.5a, 6.6a, 6.7a, 6.8a and 6.9a).
—  Hold  4 hours ~+~ Hold 6 hours ■ ** H o ld  12 hours
Fig. 7.4a. Effect of heating rates on r-vaiue
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Fig. 7.4b. Effect of heating rates on mechanical properties 
of various holding time of Lab. scale.
By contrast [6,47], if precipitation takes place during 
annealing, then recrystaiiization is frequently retarded or 
prevented and this can lead to problems in subsequent process­
ing. The interaction between recrystaiiization and precipitation 
can be rationalized in terms of the relative rates of these two 
processes :
a). The kinetics of both processes are accelerated as the amount 
of cold roiling is increased. However, due to the slow 
kinetics of AiN precipitation, if the material is heated 
slowly during annealing, precipitation is favoured. 
t>). There is a critical heating rate above which recrystaiiiza-
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tion occurs before AIN precipitation. Morever, even though 
the rates of both processes increase with increasing cold 
reduction, these do not increase to the same degree and thus 
the critical heating rate depends on the amount of prior 
cold rolling.
The effect of aluminium content and the heating rate on r­
value may be mainly attributed to the way these variables affect 
crytallographic texture and grain size. Clustrers forming during 
heating are important, however, the r-value of rapidly heated, 
high uncombined A1 steel is well below the value obtained with 
slowly heated steel of the same grain size (Fig. 7.4a). Thus, in 
certain cases, heating rate can have an effect on formation of 
crystallographic texture beyond the effect on grain size.
In contrast to the effect of rapid heating rate on r-value 
in Al-killed steels, Hutchinson [47] reported that very low 
carbon titanium containing steels develop higher r-value, as 
shown in Fig. 7.5.
In summary, heating rate to the held temperature definitely 
affect the mechanical properties, the crystallographic texture 
and r and n-value of the sheet steel. The effect stems in part
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from the different grain sizes produced by different heating 
rates and annealing temperatures. In some cases, however, such as 
Al-kilied steel, the effect may arise from the influence of 
heating rate on the sequence of the formation of clusters or 
precipitates on recrystailization, and the subsequent texture 
development.
Figure 7.5. Effect of heating rate during annealing on r-vaiue 
of different steel types with different coiling 
temperatures after hot roiling [47]
7.5. Effect of Holding Time on the Mechanical Properties, 
Average Strain Ratio, r-value, and Strain Hardening Expon­
ent , n-value.
Decreasing strength property values were observed with 
heating time for all samples, for all three heating rates, as
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shown in Fig. 6.3b, 6.4b, 6.5b and 6.6b.
On holding at 680°C there was a decrease in hardness, yield 
and tensile strength, but ductility increased. The factor 
responsible is the growth of recrystallized grains, Figs. 6.8a 
and 6.8b. The grain size is reflection of both the nucleation 
rate and the growth rate. With the highest heating rate 
(36°C/hr), the grain size was higher, because AIN precipitation 
did not strongly inhibit growth. This is reflected in softening 
and decreases in hardness, yield and tensile strength, and 
increasing ductility.
While the strength property values decreased with increasing 
holding time for the steels examined, the laboratory and mass 
production scale tests indicated that the drawability, r—value, 
and stretchability, n-value, were in fact improved with 
increasing holding time at 680°C. The r and n-value increased 
gradually as the temperature increased and as the heating rate 
decreased (see Fig.7.3)[47]. The optimum r and n-values were 
obtained for the lowest heating rate (12°C/hr) at a long time (8 
hours), and for the highest heating rate (36°C/hr) after a short 
time (4 hours) as shown in Figs. 6.7b and 6.8b. This phenomenon 
may be due to a number of reasons such as change in crystallo­
graphic texture [47], AIN precipitation and others. Clearly, 
further research is indicated.
The influence of grain size on r and n-values in the present 
work was not found significant, as grain size remained virtually 
constant while the r-value increased to a peak value. 
However, following recrystallization increasing grain size is
1 2 2
generally found to increase the r- and n-vaiues [47]. The lack of 
grain growth in this work indicates that precipitate boundary 
pinning by AIN and carbides is effective in retarding grian 
growth.
Jolley [26] concluded that Ai-kiiled steels always exhibit 
better forming properties than rimmed steels because of the 
presence of AIN precipitates in the Ai-kiiled steel.
Hutchinson [47] showed that for Ai-kiiled steels the heating 
rate is very critical in relation to the r-vaiue. A slow heating 
rate is considered desirable, as rapid heating is detrimental to 
the formation of the {ill} texture. If Ai-kilied steel is pre- 
anneaied at low temperature then subsequent rapid heating has no 
detrimental effect. Ai-kiiled steels having the highest r-value 
are characterized by a very strong (111) type texture.
It is generally believed that AIN precipitates in the form 
of a fine dispersion, or pre-precipitation clusters of aluminium 
and nitrogen atoms, play a vital part in the formation of this 
texture and in the development of high r and n-vaiues.
The investigations of Michalak and Schoone [49] indicated 
that the development of {111} texture might be due to the pre­
cipitation clusters of aluminium and nitrogen atoms which inhibit 
the formation of the undesirable {001} <110> texture and induce 




The following conclusions can be drawn on the effect of 
reduction ratio and annealing cycle on the formabiiity of Ai- 
killed sheet steels studied. They are :
1. The mechanical properties (hardness, yield and tensile 
strength, elongation) and microstructure did not change sig­
nificantly during recovery. [Although not measured, changes 
would have occurred in physical properties e.g. electric 
conductivity]. During the recrystaiiization stage, changes in 
mechanical properties and microstructure were very signifi­
cant. There was a decrease in hardness, yield and tensile 
strength and an increase in ductility with increasing anneal­
ing temperature.
2. The effect of % reduction (between 65 to 69%) in mass pro­
duced sheet steel on mechanical properties, r and n-values was 
small, but the effect of holding time in the batch annealing 
process was found to be significant, resulting in marked 
changes in mechanical properties with increasing holding time.
3. The highest heating rate (36°C/hr) in the laboratory 
simulations resulted in the highest start temperature for 
recrystaiiization because this process is thermally activated, 
reguiring both time and temperature to initiate the nucieation 
of recrystaiiizated grains. This factor affected the resulting
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mechanical properties and microstructure.
4. The lowest heating rate (12°C/hr) resulted in the lowest start 
temperature for recrystallization and the highest r-and n- 
vaiues because during slow heating the Al and N react together 
in the cell boundaries and grain boundaries of the cold rolled 
structure in a manner that retards the recrystaiiization 
process and promoties the development of a favourable texture. 
For higher heating rates and high recrystaiiization tempera­
ture precipitation is retarded relative to recrystaiiization 
and the resulting (ill) texture is less strongly developed; 
and at lower heating rates and recrystaiiization temperatures, 
precipitation occurs first and thus retards the recrystaiiiza­
tion reaction, while at the same time rendering the nucleation 
process more selective towards the {111} oriented grains.
5. Holding time at a temperature of 680°C, following heating at 
12°C/hr, 24°C/hr and 36°C/hr, indicated that optimum r-vaiues 
occurred after specific times. The recrystaiiization grains 
had a coarse elongated ("pancake") grain structure with the 
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